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I. PREFACE

Our objective is twofold. We wish to work out procedures for
detection and assay of enzymes in soil suitable for presumptive tests
of life in planetary soils. Incidentally, this calls for use of
enzyme-substrates that are stable to heat, moisture and storage.
Second, we are exploring the behavior of enzymes in non-classical
(soluble enzyme & insoluble substrate) systems. These include enzyme
action at surfaces in gels and in other heterogeneous, structurally
restricted systems analogous to those found in cells and in soils.

The Martian environment has a limited moisture content and any
biological reactions possibly take place at interfaces and on surfaces
in an environment cf restricted water availability. A study of surface
effects in the hydrolysis of insoluble substrate by adsorbed enzyme
(hydrolysis of chitin by chitinase) is being continued in order to
investigate some of the factors influencing reactions at interfaces.
Emphasis has been placed on the detection of urease activity because
of the probable primordial origin of urea as an organic substance,
because of its stability as an enzyme substrate, and because of the
ubiquity of soil urease in the terrestrial environment.

The hydrolysis of urea by urease in media of low water availability
is detectable at 60% relative humidity and measurable hydrolysis of
urea occurs in soils at 80% relative humidity and above. Methods are
being developed further for their possible use for the detection of
such a catalyst in the Martian environment.

Theoretical aspects of the kinetics of enzyme reactions in
heterogenous systems and of microorganisms in flow columms are reviewed

and discussed.
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. SURVEY OF ENZYME ACTION IN HETEROGENEOUS SYSTEMS

Part I, in this report, includes sections I, II, and III in the

following outline.

Part II, to appear in our next progress report, will include a

bibliography.
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I. INTRODUCTION

Some enzyme reactions in nature, both within cells and tissues
and without, take place in homogeneous aqueous solutions. In most
instances, however, enzyme reactions take place at interfaces,
within gels and coacervates or in some other heterogeneous melieuas
(Holter); it is surprising to note how rarely this subject has been «
treated in textbooks or reviews. Digestion in the gut of animals
or at the surfaces of plant roots are natural situations with hetero-
geneous catalysis. Here a number of such situations will be discussed-
and some biological examples for which such considerations need to be-
extended in depth will be described.

Recently interest in the action of enzymes on solid supports and
in insoluble gels has emerged, and the results have relevance to soil
and food science and preparative and analytical chemistry as well as
to cell biology. Others have reviewed various phases of this very
broad subject (Augenstein, Alexander, Fraser, Katchalski, Robert,
Zittle, McLaren, McLaren, McLaren and Peterson), and in this review
we have tried to present a coherent picture of some of the kinetice
aspects of the subject together with contrasts with classical solution =
studies. The scope of the field can be seen in Figure 1 as a vast
area for research. Homogeneous aqueous systems take their place as
a special case in this scheme. Among all these possibilities water
plays a role, and we may ask such questions as at how low a relative
humidity can reactions take place; can reactions take place in frozen

systems, etc.?
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Hexokinase
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[ ]
e Figure 1, Some combinations of enzyme and substrate giving reactions

in heterogeneous systems. Examples are indicated on the tie lines.

The classical, homogeneous solution system marked by %, is included

for perspective.
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Further, we must consider in the case of insoluble enzymes what
is the local, surface pH or redox potential at the solid-liquid
interface and how Jo such micro-environmental conditions modify the
kinetics deduced for homogeneous systems. Contrariwise, how can one
describe the action of an enzyme on an insoluble substrate having
a solubility sv 1ow that in effect no solution reactions are

observed?

Certain topics have recently been reviewed adequately and will
only be alluded to in the following. These include enzyme reactions
at oil-water and air-water interfaces (James and Augenstein) and the

kinetics of translocation through natural membranes (Mitchell, 1967).

II. ELEMENTARY KINETIC AND THERMODYNAMIC FEATURES

A. Some rate equations

Let us consider the usual reaction scheme for the action of an
enzyme E on a substrate S. E‘S is the intermediate, an enzyme-

substrate complex,

k k
1

S+E";‘_..—‘ (E-s) 3;P+E (1)
2

and C is a product, kl, k_, and k., are appropriate rate constants.

2 3
Let the total enzyme present, Eo, equal the free, E, plus the combined
enzyme, E°S complex. These symbols will be used both for identification

and for molar concentrations. Similarly, So, the total substrate



concentration is giwven by S0 =§ + E-S.

Then, in thc steady state,

d E-s/dt = kE:S - k2E~S - k3E-S = 0 (2)

and

kl (E0 - E-s)(so - E*S) = k2E-S + k3E-S (3)

There are two extreme cases for which equation (3) can be simplified
for solutions, namely one in which the substrate is in great excess,
and the coverse. The first case leads to the classical expression of
Henri, as elaborated by Michaelis and Menten and the seconu becomes
of importance if the substrate consists of colloidal particles in

suspension.

Case I. Soluble substrate in excess

{ - . S = . + .
ky {Ej - E s) A k, E-S k3 E-S (3a)
and
EOSO
BS = 5% (%)
(o] m
Case II. Soluble enzyme in excess
- . = . -+ . -
klEo(So E*S) k,E*S k3E S (3b)
and
E S
(o o]

s = oo (5)
[o] m
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k., + k
In both cases K = -2 3 » but the initial reaction
' mok
velocities, V., are quite different. For case I we have
=k = k “o%
v:L = 3ES = 3Km+30
and for case II
_ Eoso
Vi T k3Km+Eo
Equation (1) is an over-simplification and several important
quantities, namely water, hydrogen ion concentration (or activity),
ionic strength, cofactors including heavy metals, and redox potential,
have been omitted. If these quantities are held constant they
y

enter implicitly into the rate constants. If they vary or appear as
reactants, explicit description is often possible. For example, in
a study of the action of pepsin (E) on egg albumin (S) Bull and Currie

() write

L

E+SST—— E-S K, EXS/E*S = T.4 x 10

+ +
E-S+H—E-S'H + + 3
HXxE-S/E-S*H = 7.2 x 10

]

%

+
E:S-H —> peptides + E

Assuming, in the usual way, that the velocity of proteolysis in
+ 4+ . .
roportion to E-S*H, v = k3 E-S-H , and being mindful of the
+
conservation equation f.r total enzyne Eo = E + E*S + E*S‘H , we hiuve

for the velocity of pepsin action

(6)

(7)



b 3 »
k_E
o — (8)
i "1 + o + 1
+ +
SxH H
If the role of water, W, is to be exar.ined, one may use a set
of formulas suggested by Haldane ( ).
E+§ —=E-s
E'S + W —E'S-W
777 =——> E + products
Many enzyme reactions in nature take place on surfaces and in
gels where both hydrogen ion concentration and water must be taken
into account. Enzyme reactions on the surfaces of clays or in foods
are examples. For such systems concentration with volume units are
(4
not applicable; the use of mole fractions allows comparisons to be
made with corresponding enzyme-substrate reactions in solution.
]
For a generalized chemical reaction ZVSS —_— Zpr, equilibrium
constants can be written as
b4
n(ng) °
S
= X
7P
m(mg)
4
s S
73 x S
n(X.,) \55.5 + Im
S — i
= K =
"o * ,
rr(XP) P
. "p
£5.5 + Im



X being mole fractions and m being molal ccncerntrations. These

constants are related by

and are obviousiy not generally proportional. X is a more desirable
composition variable because it involves the mole number of every

component in the system while m involves a given component and water

only. Using mole fraction, v = k“XE'S'H+’ and substituting the
corresponding conservation equation X =X, 6 + X + X +, we

P & g > "B, "& "E-s "E-seH’
obtain

v = KK, K (9)
1l 2, 24,
X 0 X X,
H H

Multiplying through equation (8) and (9) by the volume, and
substituting k" = k' [55.5 + &ni] we obtain the following pair

of equations,

KK, K
P t -
v k'E_ i T +1 (8a)
H
and
/
] — 1 o .
v = k E0 }Xl KX2 )
+ +1 (9a)
X - X X
ut 5 yt

where v' is the velocity in moles per seccnd and E, is simply the

total amount of enzyme. From (Ga). as Xy —> 1, X and X+ must

H,0

decrease and v' —> 0, a result to be expected for gels and films of

substrate which are undergoing dessication (McLaren).



B. Locus effects

In the above discussion the constants k , k k_, and K are
1’ 72? m

3
characteristic »f the enzyme and substrate interaction, the strength
of which may be strongly influenced by the local structure, be it
substrate or carrier (Schurr and McLaren 1065). The variation of

kinetic constants with different local environments will be referred

to as the locus effeci. The shift in the pH optima of some enzymes, which

act in regions of electrostatic potential different from that

of the bulk sclution, is an example.

In 1937 Danielli wrote that 'the bulk of the fluid contents of
the cell zre presumably of fairly uniform reaction, but the surfaces
of granules, oil globules, mitochondria, and gel particles may well
differ from the bulk reaction by up to 2 PH units, according t> the
constitution of the surfaces concerned. The cell may thus offer a
much more diverse environment for enzyme reactions than has hitherto
been supposed.'" For example, he showed that the pH at the interface
of water and non-aqueous solutions of long-chain fatty acids is less
than that of the bulk aqueous phase because of the concentration of
negative charge at the interphase and a consequent concentration of
H+ ions at the interface to form an ionic double layer and he accounted
quantitativaly for this difference in pH by means of Donnan's theory
( ). Later Hartiey and Roe ( ) derived an equation for the difference
between the pH at a chargec interface, pHs, and that of an adjacent

phase, pr, by an application of the theory cf Debye and Hiuckel. They



pointed out that ‘re .le:trokinetic potential () of the colloidal
chemist can be ilentifind with the potential V¥ in the neighborhood
of a simple ion at tne distance of closest approach of another ion,
as considered by Debye and Huckel. 1In this sense the { -potential
determines the local concentration of ions near the surface of a

particle, and the hydrogen ion concentration near the surface will

e—eglkT

+
be times (k. H concentration in bulk. The effective

dissociation constant bacomes

~€l /KT -FL/RT

Ks = Ke = Kee
where K s the thermodynamic dissociation constant in bulk, € 1is

the electronic charge. F is the faraday, T the absolute temperature,

and k the Boltzmann constant.

At 250 equation 10 may be rewritten as

L}

PK, Py - ¢ /60

or

PH_ PH, + ¢ /60

where pH is in terms of H+ concentration, not activities. Incidentally,
no distinction between concentraticn and activity of H+ is needed in
bulk under physiological conditions, near neutrality. That an enzyme
acting at a charged surface responds to hydrogen ion concentration

rather than activity has been shown elsewhere ( ).

(10)

(10a)

(10b)
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Equation 10b rcan be evaluated via electrophoretic measurements
3 by substituting, for large particles, the Saoiuchowski relationship
. tbD
u = e
L

w2 thereby arrive at the experimentally useful equation

pHS = pr + 0.217T u

For small particles, Hartley and Roe give at 250,

PH, = pH_ + 0.325 u

s

The mobility oi a particle u is reckoned negative for motion
toward an anode, in microns/sec/volt/cm; D is the diclectric constant

and n is the viscosity of the disperse medium at the same temperature.

In Table I are some values for A pH = pr - pHs evaluated by

means of the equation of Hartley and Roe.

The attack of a protein substrate molecule by

an enzyme most certainly involves an environment characterized more
by pHS than by pr (except if both proteins are at their isoelectric
points, a most unlikely coincidence). The approach of Hartley and
Roe to pHs gives the surface pH at the plane of shear and this plane
may be several Angstrom units away from the surface ionogenic groups
(Davies, Haydon and Rideal), whereas proteolysis involves actual
compound formation between enzyme and substrate and the functional
group will be within the plane of shear of the two-protein molecule.
A comparison of the action of chymotrypsin o lysozyme (denatured) in

solution and on the surface of kaolinite particles (about 1 p in size)

(11)

(12b)



g
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Table I

Values of ApH = pr - pHs for some biochemical and biological surfaces in

aqueous systems at room temperature ( ).

. ~ Mobility" * (-potential,

Surface microns/sec/V/cm t mV* pr PH
Lysozyme k.o 0.05 52 8.05 -1.30
Kaolinite -4.8 0.05 -62 8.05 1.04
Lysozyme on kaolinite -2 0.05 -32 8.05 0.5k4
Pseudomonas aeruginosa -2.0 0.02 -~ 6.9 0.4
Yeast -1.2 0.01 - | 0.30
Erythrocytes -1.3 0.13 - T4 0.3
Mitochondria (lupine) =0.77 0.12 - 6.9 0.2

*
The ionic strength i is of fundamental importance in governing, in part, these

quantities. They are lower the higher the ionic strength.
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showed that the pH optimum for the adsorbed enzyme is about 2 units
higher than for the enzyme acting in solution. In other words, the
enzyme behaves in :ccordance with a concentration of hydrogen ions
at the surface of negatively charged kaolinite which is greater than
in the surrounding buffer medium (McLarer and Estermann, 1957).

Apparently the action of an enzyme at an interface can serve the role

of a "molecular pH meter" in giving an idea of the acidity of an

interface (McLaren and Babcock).

It must be remarted that the equations given above for reaction
rates are applicable only to reactions which proceed so slowly that
no molecular diffusion gradients, in the statistical sense discussed
by Collins and Kimbol, appear ( ). That is, only reactions which
are not diffusion controlled have been considered. Provided that
enzyme reactions have equilibria lying far to the side of products
(E + P) and with k2 >> k3, it may be shown that the reaction velocity
1s not dependent on the viscosity of the medium (Schurr and McLaren,
1965). This assumption will have to be tested as more work is under-
taken in structurally restricted systems. For example, an enzyme
trapped within a substrate at low water content is subjected to an
entirely different kind of enviromment than that in a dilute solution
and the ease with which products can diffuse away from a complex will
influence the overall kinetics, particularly if the reaction products

are inhibitors (Dixon and Webb).
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Suppose we have a substrate in the form of a coacervate droplet
or gel particle in suspeasion which is so dilute in substrate that
the rate of entry of an enzyme 1s scarcely impeded. Will the rate of
hydrolysis contain constaats k3 and Km which are the same or similar
to those for the ssme kind of substrate in solution? On the other
hand, suppose the particles are not readily penetrable by enzymes
aud the surface area is so great that almost all the enzyme is adsorbed
on the surface. Examples are fat droplets and starch granules in
suspension as substrates. For such particles, from equation (7) one
would not expect initial reaction rates to be directly proporticnal
to enzyme concentration over much of a range. Furthermore, if such
particles bear a net electric charge at the interface, the local,
surface pH will not be the same as in bulk solution. It would be no
surprise to find values for pH optima and Km rather far removed from
values found for the same enzyme acting on chemically similar substrates
in solution; Figure 2.

Many reactions at the cellular level, as in food preservation
problems, and in cell particulates, will doubtless be found to be
diffusion controlled. As an extreme case, consider the substrate
concentration to be low and k., to be much less than k.. Then

2 3
equation (6) becomes simply

v = k, E § (13)

This situation can pertain in highly viscous media wherein the rate
of collision of enzyme with substrate, limited by diffusion,
becomes rate controlling (McLaren, 1963). The constant k is equal

to the encounter rate, namely L4 x N R, D, 10—3 where N is
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Fig 2. The effect of pH on invertase ac-
tivity of yeast cclls and isolated enzyme
(1, 2) and on chymotryptic activity in
solution or adsorbed on kaolinite (3, 4).
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Avogadro's number, R,5 is the sum of the radii of the reactants
and D12 is the sum of the diffusion coefficients. This encounter
rate presupposes the model of Smoluckowski for "he case of negligible
electrostatic effects, such as in the case of catalase or invertase
)Ackerman, Alberty and Hammer ), For a small substrate molecule k1
is approximately 4 n N Rl D2 10-3, that is, the size of the enzyme
and *he diffusion coefficient of the substrate are of paramount
importance. If the enzyme is surrounded by other molecules in a
membrane, however, a locus effect, either steric or electrostatic
may be involved /see below, Romeo and Bernard). Experiments with
cytochrome ¢ and horse-radish peroxidase indicate that dipoles may
be o1 iented to oppos: the reaction (Ackerman, 1962), whereas the
fumarase reaction is enhanced by electrostatic effects (Alberty and
Hammer, 1958).

In the follc.fng discussion we will examine these questions

and a number of ctaers suggested by Figure 1 and for which data is

available.

III. REACTIONS WITH COACERVATES, SWOLLEN GELS, OILS, ETC.

A. Action of soluble enzymes on insoluble substrates

1. Action of enzymes on prcteins, starch, cellulose and chitin,

It is difficult to find a substrate which can be studied both in
solution and in suspension. A rigorous comparison of enzyme action on

both soluble and insoluble forms of the same substrate is complicated
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by the fact that one cannot have two distinct equilibrium phases of

a substrate under the same physical conditions, except at phase
transitions where both phases exist. Otherwise one form of the
substrate must be in a non-equilibrium state under the prevailing
condition. A satisfactory situation is one in which both soluble

and insoluble forms arise naturally as a consequence of hysteresis

of the substrate with respect to variation of one or more thermodynami.c
variables. 1In this event substrate molecules of identical chemical

composition and molecular weight comprise both forms.

Ordinary gelatin is suitable because, upon cooling sufficiently
concentrated solu:ions, it readily forms gels which are essentially
stable against dispersion into excess solvent, and which may be
redissolved by mild heating. We can visualize two extreme cases.

In one an enzyme can penetrate the gel in a time short compared to
both (i) the duration of the kinetic experiment and (11) the time
required to digest the gel sufficiently to permit dispersion into the
surrounding solvent. In the other the enzyme cannot penetrate the
gel and can act only on the surface of the gel exposed to enzyme

~

solution.

The action of trypsin on gel microspheres between 10 and 100 "
in diameter has been compared with its action on dilute gelatin sols
which were obtained by melting out a corresponding suspensién of gel
spheres. The spheres were prepared by cooling a coacervate mixture
of warm, dilute gelatin and ammonium sulfate, followed by removal of

the salt; they were readily penetrated by trypsin (Schurr and McLaren).



14,

The rates of digestion of gelatin microspheres and sols may both
be described by equations of the form of equation (6) above. That is,

the rate data in both instances may be fitted to

kr‘
Btoso

o
where kB and KB are empirically determined constants and v is in moles
of peptide hydrolysed per minute. A relation between kB, KB, and
fundamental physical constants of the system were established by analysis
of a suitable model. Since there are a number of susceptible bonds
per milligram of gelatin, falling into classes each characterized by a
k3 and a Km, kB and KB are appropriate averages (Schurr and McLaren),

designated by ié and Eﬁ respectively.

With the gel spheres it is necessary to allow also for the
possibility of an equilibrium partition of the free enzyme between the
bulk phase and the gel phase and appropriate average values for the
gel (g) system are designated by kg and Kg. The Michaelis constant Kg
is given by Eile where KE = Eg/E is the equilibrium constant for
the partition of unbound enzyme between the outside solution (concentration
E) and the interior of the gel (concentration Eg). Both Kg and kg
represent the same kinds of averages as kB and KB, although the
fundamental constants employed are those characterizing a gelatin
molecule in the gel. It was found that the rate constants for

dissociation of the enzyme-substrate complexes to hydrolysis products

were essentially the same for both solution gelatin and spheres from
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16° ¢ to 2&.50 C. This implies that the substrate structure in the
gel has a negligible influence on the reaction rate once the enzyme

forms a complex with substrate.

By contrast, the Michaelis constant for the gel system is greater
than that for solutions below the swelling point of the gel, a
difference that disappears as the melting point of the gel is approached,
Table II. It was also concluded that KE is not appreciably greater
than unity, so the difference is actually due to the fact that K%/KB
is greater than one below 270. Evidently .the' spheres possess a
tertiary structure which must be disrupted to facilitate binding of
the enzyme and this structure vanishes as the melting point (28° 1)

of the gel is approached.

Gelatin spheres may also be chemically cross-linked by disulfide.
These spheres closely resembled the plain spheres in size and shape
and the visual (phase contrast optics) uniformity of digestion by
trypsin is unchanged. Such spheres can stand a temperature of 100°
for moke than an hour without melting and the presence of covalent
crosslinks reduces the susceptibility to digestion by trypsin and

subtilisin.

By contrast, cross linking a concentrated gelatin gel results in
a product ("Thiogel") impenetrable to trypsin. Thiogel can be digested
from the outside, however, if blocks are exposed to dissolved trypsin
(Tsuk and Oster). Under these conditions a cube of Thiogel with a
surface area of 9.6 cm2 was soaked in 200 ml of trypsin at a concen-

tration of up to 3.2 x 10_6 molar. This amount of trypsin, on close



Kinetic parameters for the hydrolysis of gelatin in sol and gel

states by trypsin (Schurr and McLaren).

Table II

Temperature
g
k3 X3
2h.5 9.5 3.7
spheres 20.0 Y 2.7
16.0 3.1 3.1
*s %
29.5 16 3.7
melted spheres 2k.s 11 2.8
20.0 4.5 1.0
16.0 3.3 0.6

[
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packing, could cover as much as 40,000 cm® of surface so E_>> S,

and equation 7 should apply (Figure 3).

For much the same r.ason this equation describes the action of
elastase on elasten (Roberts and Samuel). Since one is dealing with
digestion at the surface of a macroscopic substrate particle, or
particles, we really need a modified form of equation 7 in terms of

surface areas (McLaren, 1962).

Let the surface area of the particulate substrate, suspended in
a solvent containing enzyme, be A in cm?/L and let a be the surface
of substrate occupied by enzyme. The rate of absorption is ka(A - 3) E

and the rate of desorprion is kdi' At equilibrium we have the

Langmuir sorption isotherm
= +
al/a KE/(1 +KE)

-1 . .
where KL = ka/kd- R&.is analogous to Km . We have little information
on the rate adsorption of enzymes on solids except that ka is probably
faster in general than k3 (McLaren and Peterson, 1965) and much
faster than kd for charged adsorbents. The basis for this treatment

~

is that "mass law'" applies, i.e., the adsorbate does not interact with

itself on the surface to form dimers, trimers, etc. at high concentrations

SO0 as to change the valu2 of kd,and the affinity of ail surface sites
for the solute is the same. At high values of E, a —> A and tae

substrate may be said to be saturated. The Langmuir isotherm is a

special case of the Frisch isotherm for a stiff macromolecule. Certainly

(14)
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Figure 3-A. Variation of digestion rate, vy in mm/hr, of a cube

of "Thiogel" as a function of enzyme concentration, Eo; cf equation 7

(pata of Tsuk and Oster). The line represents the empirical equation

of Tsuk and Oster, namely v = 0.7k ES'“QT. Figure 3-B. Reciprocal

Plot of data in Figure 3-A; cf equation (16c).
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the adsorption .. «i - wvacs on clays does not follow equation (14) very

well and Fri. i : . gesi. that the data aic aove taithfully represented

by equation (1)

a/a = K Et(l-a/a)" (15)

wher~ t is the number of seemente or a macromolecule, all of which
are deposited on the surface. Thus t. initial slcpe of adsorption
can be d(a/A)/dE > K, as is observed experimentally (McLaren and
Peterson). We will continue to use aquation (14) as an approximation

because the resulting rate equation (below) is cumbersome even in the

simplest case.

Let us assume that the velocity of hydrclysis of the gel-solid
phase is v = k’Ea where Ea, the adsorbed enzyme, equals E/AE and AE
is the area occupied per mole of adsorbed enzyme. Ea may be equal to
or less than the amount of enzyme substrate complex (not all adsorbed
enzyme may have all active sites in contact with susceptible bonds in

the substrat- surfa- ) Then, by equation 14 and the conservation

equation E_=E * E , we have (McLaren, 1963)

k'AKLE k'AE k'E A
(o] o
v = = 1 = (16)
4 + =) + + -
AE(l + ,LE) AE(E KL) A AGE AE/KL +A-a

Note that in exo. i.ments such as ti.ose of Tsuk and Oster, equation
(1% reduces to

1

v o= k'EOA/fAE(EO + KL" )1 o= K"E_A/[F_ + KL'I] (16a)
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Equation (16a} can be compared with equation (7); for both
situations enzyme is in excess of the available substrate and for
particulate substrate we are interested in digestion at the surface.

A useful form of equation 16a gives a reciprocal plot, viz.

[y

/v = 1 / AE +1 ) 1 + AE . E_
k' ( KA / E 17’2 E
L o] [o]

If E is large (i.e., & ® Eo) the intercept is AE/k'A, and the

slope intercept juotiert is (Kil + A/AE). Any departure from

linearity of a 1/v vs. */Eo plot would indicate that the assumption

E ~E_ is not correct (Thomson, J.F., 1964k). Of course, if we also

know that Ap >> 4. equation 16b may be reduced still further to

A

>
=1

1 1
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with a slore intevcept quotient of I/KL. In Figure (3-B) we can see
that onl:" .t the lowest enzym cncentrations do we have a Jdeparture
from the trend predicted Ly the equation.

Actually Tsuk and Oster suggested an empirical equation for
their experiment:. .igure 3-A, which is of the form v = kEz . This
is a rough apnro.imation for an equation of the form of equation T
(McLaren and Petaorson) although a geometrical interpretation has
been given to the cxocnent n (Mclarsu, 1963), based on the Freunalizh
adsorption isothrim. For some examples the available adsorption data

1s better represanted by this isctherm, namely E/A = KEn, than by

that of Langmuir (quation 14 above).

(16b)

(16¢)
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Walker and 'lope weasured the adsorption of salivary amylase on
starch granules a.d ic.nd that the units enzyme adsorbed per gram of
0.6k

starch could be : ;tescnred by 190 E . 1f w2 assume once again

that v = k'Ea, . .7 Yaio equaticn bacomes

v = k'zxi&En (1»)

The initial velocity is proportional to the total surface area of all

suspended parti :2s but . the enzyme concentration to a fractional
power. Althou:sh tl.is equation predicts the trend of the rate data of

Walker and Hope for the ligestion of starch, a closer fit is obtaired
by using n = 0.54 (‘cLaren, 1965). This departure from simpla
expectation can arise because of the probable surface mobility of
adsorbed enzyme on the starch granules (Mclaren and Estermann, 1956),
and the adsorption of enzyme on starch is not rapid compared to the
rate of hydroly:i; : o that equilibrium between dissolved and adsorbed
anzyme is never qui ~ reached. Also, the sites of adsorption of
amylase on star.h granules may inciude others besides those for which
tte nnion of enzyme and substrate leads to a hydrolyzable complex.

W. can only anticipate that the rate of hydrolysis will be proportional
to the surface area of the substrate and to the amount of enzyme adsorbed
per unit of arcsa. Further, the reactive sites may be partly at cracks
ar crevizes on the granular rather than on smooth surfaces,lwhich would

- * 3 .
lead to a vajue for n of less than 2/3 . Microscopic observations of

"~ For surfaces, edges, and poiats, the values of n are 2/3, 1/ and 0O
for gecmetrical reasons. With n =1 we have the solubility
distribution isotherm for the distribution of a solute between two

irmiscible solvents {Gyani, 1945).
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digesting sta..! 1. a.vanced stages indicates this (Balls and Schwimmer,
1944). It seers almosc certain that in the experiments of Walker and
Mene enly a fractirs of ~he total sucface area «f the starch was covered
by enzyme; the io: ] amount of enzyme was not cnough for a monolayer

cven if all wa: adsorbed (McLaren, 1963).

Whitaker ( ) has studied the effect 5f enzyme concentration on
the rate of hydrolysis of cellulo-e and swollen linters. His results
are plotted in Figure 4: the data conforms to equation (17) with
n = 0.66 for cellulose and n = 0.77 for swollen linters. According
to theory, th: latter value could mean that sonme penetration of

l.nters by enzyme has taken place (McLaren, 1363).

A mor: complicated substrate is found in the form of bacterial

cell wall; the hydrclysis of killea Bacteria lactis aerogenes cells

by a proteolytic system from a scil Actinomzces also seems to be
Tepresented by equation 17 (Muggleton and Webb, 1952). Before lysis

~ommences the enzyme is adsorbed onto the cells.

Chitin (pcly-B-1—> L-N-acetylglucosamine) is able to sorb
lysozyme and chitinase selectively and can undergo catalytic changes
in their pves-n-e. Lysozyme is also capable of depolymerizing cell-wall

&

mucopolysacchiiices of some microorganisms (Cherkasov, et al., 196().

The coarse of actioa of lysozyae can be followed by decreases in
viscosity or turiidity of substrate suspensions (Meyer and Hahnel, 1946)

Smolelis and Hartsell, 194G9). Reaction rates are highly seasitive to
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Figure 4. Digestion of cellulose and swollen linters by cellulase

(McLaren, Whitaker).
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salt concentrations as is to be expected: ionic strength is not only
important to the action of an enzyme in general, but in this case
influences the binding to insoluble substrates (Smolelis and Hartsell,

1952).

There are, of course, many natural situations having features in
common with the model systems discussed above. For example, an
"escape hatch" from the cocoon of the moth is established by the
hydrolytic action of an almost pure proteinase which the moth first
secretes and then dissolves by means of a solvent which main-ains the
enzym: at optimum pH (Kafotos and Williams, 1964). Particulate food
matter ingested by cells via phagocytosis, foods in the alimentary
tract, and decomposition of plant litter and soil organic matter are
other instances which might be analysed in this way. Of course the
presence of organic solvents, emulsifying agents, exchangeable ions
and the co-action of other enzymes can influence the rate of digestion
of such substances as cell walls because such natural substrates
consist of complicated structures containing more than one kind of

polymeric material (Noller and Hartrell).

2. Action of enzymes on fats, polymeric esters and other

nonporous substrates.

Another type of enzymdtic process taking place in a heterogeneous
medium is the action of pancreatic lipase on emulsified triglycerides.
Schonheyder and Volquartz demonstrated that the activity of lipase on

emulsified trihexanoyl glycerol depends upon the dimensions of the
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liquid-liquid interface | ). The complete picture was somewhat
complicated by the solubility of the substrate in water and therefore
Benzonana and Desnuelle chose fats with longer acyl carbon chains
having negligable solubility. Hydrolysis was a function of the
number of enzyme molecules adsorbed at the interface. In a series

of experiments c.ntaining particles of different size, it was shown
that v depends on the area at the interface and not directly on the
weight of the insoluble substrate. Lipase adsorption took place

according to the Langmuir isotherm.

In the treatment of Sarda and Desnuells { ) the data was

summarized by the equation

v = VA/(A + Km)

where V is the maximum rate and A is the molar surface concentration

in moles per 1030 sq. cm. of surface. This is of the form of equation 6
with substrate in =xcess and of the form of equation (16) if £E << A
For similar experiments Benzonana and Desnuelle report that enzyme

occupied but a few percent of the total surface.

The state of this enzyme at the surface is far from understood.
As with the thiogel trypsin experiments, we can suggest that k' = fk3
where £ is the fraction of adsorbed enzyme in a Michaelis-Menten
complex with substrate. Lipase may be able to withstand surface

denaturation - inactivation at oil-water interfaces. By contrast,

chymotrypsin loses its activity at an octadecane-water interface
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(Ghcosh and Bull). As the adsorption of chymotrypsin is increased ,
increasing the tctal enzyme in the suspension, some of the enzyme
rctains its activity. These phenomena may be related to the fact
that chymotrypsin cai readily be crystali;ed from aqueous solution,
whereas fat splitting cnzymes resist crystallization. The latter
auy have a greater proportion of non-polar amino acid residues on

the exterior of molecules.

Desnuelle and ccworkers have pointed out that such parameters
as electric charges of emulsified particles may play a role during
digestion and that bile salts seem to influence the extent of
reversibility of 1..zse adsorption at the interface. Such salts
stabilize lipase and chclesterol esterase from inactivation
(Desnuelle, 1961); they are without influence on the action of
chymotrypsin at physiclogical concentrations found in the intestine

(Lippel and Olson).

For the digestion of tricaprcin, Wallach ( ) has found a

marked influence of detergent or pH optima and Km with rat adipose

tissue lipase. With a cationic detergent, optimum pH = 7.5 and

'Km = 0.006; with an anionic detergent pH = 6.6 and K 0.0045; with
a nonionic detergent pH = 6.9 and K.m = 0.002. Bangham has reported
that the substrates of phospholipases can be converted to anionic
or cationic forms by emulsification with appropriate surfacﬁants.

If the phospholipase is rendered oppositelvy charged by pH manipulation,

hydrolysis rates of substrates can be increased. For an attack of
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phospholipase E on lecithin, it is essential that the substrate
particles carry a minimum net negative zeta potential (Bangham and
Dawson). Evidentally, before the enzyme can hydrolyse micelles
(or high-pressure films) of phospholipids, the zeta potential at
certain points on the interface must be such that it assists the
enzyme to orientate at the surface so that its active center is in

a favourable position for hydrolysis (Dawson and Bangham).

The influence of variations of surface tension on the stability
and activity of enzymes (Shatoury) does not seem to have been studied
extensively with »mulsified substrates. A mobile liquid-liquid inter-
face can assist in denaturation of enzymes, as we have noted. Conversely,
a rigid solid-lifquid interface does not seem to lead to enzyme molecule
disorgonization (unfolding) (Zittle, McLaren and Peterson) which explains

in part the success of solid adsorbents in the purification of enzymes.

Poly-B-hydroxybutyrate is a very insoluble substrate for an extra-

cellular enzyme from the soil organism Pseudomonas lemoignei. The

kinetics of hydrolysis of the polymer granules follows equation (16a)
very well; the rate of hydrolysis is proportional to the surface area
of the granules, to the amount of polymer initially present in the
reaction mixture and to the amount of adsorbed depolymerase (McLaren
and Delafield). A plot of 1/v versus 1/E  is linear for three initial
concentrations of polymer, Figure 5. Furthermore, replacing the area

A by [S/D]2/3, where D is density of the polymer, and integrating

1/3

equation (16a) one fiinds that § is a linear function of digestion
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Figure 5. Digestion of poly-p-hydroxybutyrate particles by the

depolymerase of P. lemcicredi.

A. Plot of equation {lta)

B. Note that the reciprocal form of equation 6 does not apply to

this insoluble substrate.
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time with expected ratios of slopes ASI/3/£m for five different

total enzyme concent: ations examined.

Another pseudomonad enzyme, cell free, has been shown to etch
single crystals of napathalene in the presence of niacin adenine
cinucleotide as cofactc. (Thomas et al.). The etched pits were
flat-bottomed and hexag sal in shape and all of the same crystallographic
outline. This tas explained in terms of an anisotropy of reaction

rates for the napthalene lattice.

3. Acticn of enzymes in coacervates.

In addition to the action of enzymes on coacervates, a few papers
have appeared on enzyme action within synthesized coacervates. it is
believed that suck . .lies may be useful models with which one may
discover properties of enzymes the counterparts of which occur in

living tissues (Oparin, et al., 1957).

Cne can, ir princ.iple, incorporite enzymes in coacervate droplets
in ordér to mimic similar situations in protoplasm. Such droplets have
been studied without an external membrane, although membranes can be
added (Bungenberg de Jong, 1949). Coacervates formed from certain
componants can exist only within relatively narrow limits of pH and
success can be assured onliy if this pH range includes an enzyme with
a pH optimum near or in this region. Amylase action has been studied
in a coacervate consisting of starch, protamine and gelatine; the

products, amylcdextrias, crythrodextrins and eventually achrodextrines



remained in the drsplets. Ry compscison the activity of amylase was
less in the coacervate than in sélution. Presumably mobility of both
enzyme and macro-malecular substrate are reduced by the macroscopic
viscosity of the coacervate per se (McLaren, 1963). Further, the
concentration of reducing sugar products was greater in than out of
the droplets. Tti .s a clear-cut example ¢f *he influence of

structure on the n.ture of the process.

Similar e:periments with bacterial catalase and hydrogen
peroxide reve~ :d that enzyme activity was cor®ined to the droplets

and that there was practically no enzyme in the equilibrium fluid.

L. Action of enzymes on adsorbed substrates.

In soil (Skujins, 1967) and for some industrial processes,
including sewage disposal, high molecular weight substrates are
adsorbed on sands and clays (Brock, 1966). Protein adsorbed ca
clays is readily digested by proteolytic enzymes (ticLaren, 1954) and
it was shown that this takes place by the fcrmation of an enzyme -

substrate complex in the adsorbed state (McLaren, 1955).

Rate measurements can be made provided the adsorbed protein is
not readily detached from the clay and provided the hydrolysis
products are readily liberated from the surface. The first may be
achieved bty adding a heat-denatured protein, with a high isoelectric

point (such as lysozy >} to the negatively charged clay and the latter
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by having dilute salt present as an eluting agent. Protein adsorption
takes place partly by ion exchange and partly by non-ionic (hydrogen
bonding?) bonding (McLaren, 1954). Proteolysis of the adsorbed
complex by chymotrypsin occurs at about two-thirds of the rate
obtained with an equivalent mixture of enzyme and substrate in
solution in the absence of clay. Evidently adsorbed enzyme has a
mobility about the surface of the adsorbant. The molecular weight
of an enzyme is high and its diffusion rate is slow; consequently
attachment of an enzyme to a surface should not drastically reduce

a reaction rate if the substrate is soluble (Schurr, 1964). 1f the
substrate is also adsorbed on a surface one or the ocher must have
surtace mobility and in the above described system it was shown that
the enzyme hés a slow but measurable mobility (McLaren and Esterman ’

1956).

Prctein substrates can also bs absorbed between the sheets of
expanding lattice type clay minerals, such as montmorillcnite; this
leads tc an increase in d(001) crystallographic spacings of the clay.
In fact, the increase can be used as a caliper for the size of protein
molecules (McLaren and Peterson, 1961) and the subsequent decrease
following protelytic digestion can be used to follow enzyme action.
For example a certain bentonite clay has a spacing of 11A. With
absorbed protein the spacing is increased to 47 A. Following
digestion by enzymers of Pseudomcnas sp. the spacing decreased tc 1T7A

showing that the bacterial enzymes can also penetrate the clsy mineral
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lattice. Incidentally, lignin and silicagel as well as clays reduce

the velocity of digestion of protein (Estermann et al., 1959).

Since clays, being acidic colloidal particles, have surfaces 10
to 100 times more acid than a suspending medium at, say pH 7, i.e.
&pH = 1 to 2 (Harter and Ahlrichs, 1967), one would expect a shift
in pH optimum for an enzyme acting at the surface. This has been
found (McLaren and Estermann, 1957) and several other examples are
now known. Ccasider, for example, the shift seen in Figure 2 for the
action of chymotrypsin on adsorbed heat-denatured lysozyme; as
already stated, it is about 2 units. The difference in pH between
the surface of the substrate molecules in solution and that of the
substrate or kaolinite may be calculated from the data in Table I.
With pr = 8.05, pHS for the surface of the substrate in solution is
9.4. For kaolinite covered with substrate, ApH = 0.54 at an ionic
strength of 0.05. Thus the effective pH at the surface of lysozyme
molecules in solution is 9.4 whereas on kaolinite it is about 7.5.
The zeta potential measurements serve to show that there should be a
PH difference for optimum activity of chymotrypsin on adsorbed and
unadsorbed lysozyme of about 1.9 units. Similar results have been
found with this enzyme and substrate combination and bentonite

(McLaren and Peterson, 1965).

The zeta potential values and ApH for these systems should be
reduced upon the addition of salt. Addition of salts causes elutioa
of enzyme from the clay, however, thereby obviating the experiment.
This approach to the problem has been successful under conditions in
which the enzyme remains fixed to the carrier (Katchalski et al.), and

will be discussed below.



33.

Other examples of ApH for enzymes are listed in Table III.

Trurnit carried out a thorough study of the action of chymotrypsin
on three double layers of bovine serum albumin adsorbed on microscope
slides pretreated with stearate. After adding enzyme to the liquid
phase it was adsorbed onto the substrate, or removed substrate from
the solid support, depending on buffer concentration and pH. The
velocity of digestion was related to the enzyme concentration by an
equation of the form of (17) with n = 2/3. He added,'this type of
function should be expected if the enzyme concentration at the inter-
face were a simple geometric function of the bulk concentration’ (1953).
The apparent activation energy (Arrhenius coefficient) for the system
was about half that krown for similar reactions in homogeneous solution
of substrate, but it could not be concluded whether this was due to
the denatured state of the adsorbed substrate or to interfacial
forces. This problem will come up again in experiments on enzyme-
substrate-fibers where it will be shown that surface denatured and
heat denatured forms of a protein substrate are not the same physically
or chemically, and, therefore, such differences in kinetic quantities

cannot be explicitly related to interfacial forces.

In the reactions described with clays above, it is known that the
rate of adsorption of enzyme on to substrate coated clay particles is
rapid compared to the rate of digestion in agitated suspensibns. In
fact, a complex of clay-substrate-enzyme reacts about as fast as does
a complex of clay-substrate to which enzyme is added. Unlike the
conditions used by Trurnit, surface areas of adsorbent and enzyme

concentrations were relatively high. 1In these experiments, including
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Table III

An increase

Shifts in pH optima (A pH) for enzyme action on carriers.

in pH optimum over that in solution is designated by +. A pH tends
toward zero with increase in ionic strength.
Enzyme Carrier Substrate A pH Reference
Aminoacylase DEAE-cellulose acetylmethionine -0.5 to -1.0 Tosa, 1967
Chymotrypsin Kaolin lysozyme 2 McLaren and
Estermann
Chymotrypsin bentonite lysozyme 2 McLaren and
Peterson
Chymotrypsin carboxymethyl - acetyltyrosine 0 Mitz and
cellulose Summakia,
1961
Ficin carboxymethyl- BAEE 0.3 Hornby et
cellulose al, 1966
Invertase DEAE-cellulose sucrose -2 Suzukietal,
, 1966
Phosphatase kaolin naphthylphosphate 0.7 Ramirez and
McLaren,
1966
Ribonuciease cation exchange ribonuclic acid 0 Burnett
resin and Bull
Urease bentonite urea 0.6 Durand
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those with preadsorption of enzyme, we would expect the rate to be
given by the equation v, = k'Ea and the amount of product by
P = k'Eat. This is observed (McLaren and Estermann, 1956) at values
of adsorbed enzyme low as compared with the amount of adsorbed
substrate. The model system of Trurnit has been analysed for
experiments with stirring (Trurnit 1954), based on the Nernst theory
of reaction kinetics in heterogenous systems: if the reaction at the
interface is rapid as compared to the diffusion through the adherent
layer, interfacial reactions as a whole are governed by diffusion.
Under his conditions he showed that the amount of adsorbed enzyme
E, = kant, where ka is now D/d, the ratio of D the diffusion
coefficient and d the :thickness of the undisturbed layer of solvent
next to the surface. The amount of reaction product is therefore
k'k 5

Pz—"zoc.
2

Both rate measurements were established by experiment, Fig. (6).
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Figure 6

Adsorption of chymotrypsin on stearate coated glass, upper curve, and
digestion of bovine serum albumin multilayers by chymotrypsin, lower
curve. Ordinate, thickness of layers, is a measure of the amount of

protein at the solid-liquid interface. Trurnit.

Upper curve equation: E, = f(t)
. 2
Tower curve equation: S = f£(t%)
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Figure 6
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B. Action of insoluble enzymes on soluble and insoluble substrates.

Water insoluble derivatives of enzymes have been prepared by
physical adsorption onto colloidal particles (Stone, 1955; McLaren,
1955; Mitz, 1956; Burnett and Bull, 1959; Nikolaev and Mardashev,

1961; Nikolaev, 1962), by entrapment of enzymes in insoluble matrices
of cross linked polymer (Bernfield and Wan, 1963), by cross-linking
of an enzyme by a bifunctional reagent (Quiocho and Richards, 1964),
and by chemical attachment of enzymes to reactive pclymer (Bar-Eli
and Katchalski, 1960, 190.; Cebra et al. 1961; Mitz and Summaria,
1961; Manecke, 1962). They have been studied

as models for some intracellular enzymes

and for analytical procedures in chemical analysis (Hiks
and Updiks, Bauman et 2l.). This has become an active field (Katchalski,
1966), and some properties of these systems will be discussed in detail.
A related topic, the activity of soluble enzymes in presence of

soluble polyelectrolyces, has been reviewed (Mark and Morawetz, 1960).

It is significant that most adsorbed enzymes can be eluted in
active form (Sober and Paterson, 1957; Schwimmer and Pardee, 1353;
James and Augenstein, 1966) and adsorption by glass is much like that
with clays. Work with clays is inter2sting because of the great
versatility in surface area and properties available. Cation exchange
resins have also been used; adsorbed ribonuclease on Dowex-50 shows
no fpH, however (Table III). The difference in pH between that of the
surface of a negatively charged substrate molecule in solution
(ribosenucleic acid) and that of the substrate on a negatively charged

surface is expectedly small and so is ApH.
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1. Properties of enzymes adsorbed on clays, glass and polymers.

A simple example of the action of an enzyme on a soluble substrate
is that of urease, adsorbed on clays, on urea. This was investigated
in a superficial way by Pinck and Allison (1961), who worked in a pH
range where no adsorption of enzyme is really to be expected (McLaren,
1963). The priblem was reinvestigated by Durand (1964) who found that
bentonite reduces the rcaction velocity and that a shift in pH optimum
for urease occurs tollowing adsorption (Table IV). Because adsorptioun
alone should not greatly affect the reacticn rate, since the rate of
encounter of urea with enzyme is not greatly reduced (Schurr, 196 ),
we can rationalize the reduced rate by suggesting a covering of active

sites on some enzyme molecules by the clay surface.

Similar results have been reported by Ramirez and McLaren for
acid phosphatase, adsorbed on kaolin, that is a reduction in hydrolysis
rate of 75 percent and a shift in pH optimﬁm (Table III). Similar
systems were studied earlier (Mortland and Gieseking, Kroll and Kramer),
but comparisons in reaction rates did not take into account the ApH

phenomenon (Mclaren) as it had not been discovered.

Catalase is active on a cellulose anion exchange (Mitz, 1956); it
is about TO percent as active as soluble catalase. It can be eluted
with other proteins and carbon dioxide can dissociate such insoluble

protein-cellulose ion-exchange derivatives (Mitz and Yanari, 1956).

Aminoacylase has been studied in the presence of many adsorbents.
Only partial adsorption was found with activated carbon and aluminum

oxide and none with silica gel and anion-exchange resins. DEAE-sephadex
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A-50 and DEAE-cellulcse w:re strong adsorbents (Tosa et al, 1966a),
and adsorbed enzyme was as high as 86 percent as active as soluble
enzyme. Adsorbed enzym: could be eluted with (:«3 ™ sodium acetate

(Tosa et al., 1966b).

DEAE-cellulose columns have also been prepared with adsorbed
enzyme and suitatle solible substrates could be hydrolysed on passage
through them /sTosa et %ﬂisl%gizhique has also been used with protease
on clays (Skujins, =t al., 1959). As might be expected, the pH
optimum for the DEAE-c:lli:lose-aminoacvliase system was shifted toward
the acid side of the optimum of soluble enzyme (Table III)(Tosa et al.,
1967). The complex has a higher heat stability than the native enzyme
and exhibits a lower Arrheanius activation energy (6,700 cal/mole) than
found with free enzyme (11,10C cal/mole). Thus, complex formation
amounts to the synthesis of a new enzyme, with altered kinetic
constants, Table IV. Invertase has also been studied on DEAE-cellulose.

It exhibits a ApH of 2 and a maximum activity of about half that of

free enzyme. Heat stability is somewhat reduced (Suzuki, et al., 1966).

Earlier, it had been shown that catalase (Mitz, 1956) and
asparaginase (Nikolaev and Mardashev, 1961; Nikolaev, 1962) can be
adsorbed on ion-exchange celluloses and that ribonuclease adsofbs
to ion-exchange resins (Barnmett and Bull, 1959; Mkrtumova, M.A.
~and Deborin, G.A., 1962). The soil contains a vast number of enzymes,
some of which may be active in the adsorbed state and some in a
covalently bound Qtate with soil humus. In any case they are largely

unextractable by any known means (Skujins, 1967).



A locus effect has long been known for the difference in reaction
rates of invertase on sucrose in the presence of clays and soils (Joslyn,
1966). A differci = iv sydrogen ion concentration of soil particles

and that of soil snlutrica has been demonstrated by sucrose inversion.

2. Properti=s of covalently bound enzymes

a. Bound enzvmes in suspension.

Levin et al. ( ) prepared insoluble trypsin by reaction with
copolyethylenemaleic anhydride. Reaction invcived non-essential e€-amino
groups and the resulting polymer-trypsin derivatives (P-T) were about
half as active toward benzoylarginine ethylester (BAEE) as was free
trypsin. On the other hand, the polymer chain network tended to
exclude protein substrates such as casein and the reactions were lesser
the greater the carrier-to-protein ratios (20:1 and 1:3). With heat

denatured lysozyme as a substrate somewhat different peptide pattetns
are found with P-T as compared with free trypsin which suggests that
a modified specificity has been superimposed on the bound trypsin
molecules when acting on a high molecular-weight substrate. This
observation may explain the results of Skujins and McLaren, who found

such differences with subtilisin and Bacillus Subtilis adsorbed on

kaolinite.

A low molecular weight (9,000) inhibitor can penetrate P-T
complexes whereas a high molecular weight inhibitor (soybean trypsin
inhibitor) cannot. Thus, STI inhibits the same P-T sites as are
reached by the substrate casein but not all those reached by BAEE.

Such P-T preparations are more stable to heat than free trypsin and

retain some activity even in 8 M urea. Evidently the trypsin
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molecules are permaneatly separated by the gel as autolysis is also

blocked.

These preparation:, particularly those of high carrier protein
ratios showed a shift or pH optimum of as much as 2 units, at low
ionic strength, rigure 7 (Goldstein et al.). This is as expected
for trypsin embedded in a gel of negative charge (K at 4.35 and 7.5
for the free gcl were noted), and the optimum returas to nearly
that for solutle trypsin as the ionic strength is increased toward 2.
That is, at high ionic strength the influence of a negatively charged
ionic cage on the hydrogen ion concentration about a cTypsin molecule

is reduced. No displacement in the pH-activity curve of this type

was found for derivatives in which the carrier is non-charged.

Goldstein et al. studied a P-T derivative consisting of 1¢.% mg
protein/100 mg dry weight in greater detail ( ). It was found,by
comparison, that acylation alone (i.e., acetyltrypsin) produces a
shift in pH optimum toward alkaline pH ¢f over a unit, but this shift
is not reduced by the addition »f NaCl. By contrast, about 2/3 of
the ApH of the P-T derivative can be deleted by adding salt,and at an
ionic strength of 1 the pH activity curve is much like that of

acetyl-trypsin (with or without salt).

With benzoyarginine amide (BAA) as substrate the apparent
Michaelis constart for the P-T-BAA system was only 0.2 x 107> (u = 0.Ck),
i.e., much less than Km for the trypsin-BAA system, namely 6.9 x 10-3

(b = 0.04) Figure 8 (Goldstein). On adding salt K, increased to
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5.2 x 1073

for P-T, but no marked change in K.m was noted for trypsin

in solution. Qualitatively, "an enzyme bound to a charged polyelectrolyte
acting on a substrate of opposite charge (BAA), will reach the limiting
rate, Vmax’ at lower bulk concentrations of substrate than those
recorded for the corresponding unbound enzyme'. The apparent Michaelis

constant of the bound enzyme will therefore be lower than that of the

free enzyme. From the expression

LPH = 0.U43e¥/kT

and the data from the Figure 7 (Fig. 1 of Goldstein) for P-T we have
the effect of ionic strength on the average electrostatic potential V¥

in the neighborhood of the enzyme molecules in the gel phase, Table V.

These values of ¥ are those to be expected for polyelectrolyte gels
of the type ethylene-maleic acid and polymethacrylic acid, so here again
we see that the enzyme can be used as a molecular electrode for
characterizing the microenvironment. One would also expect to find
that certain enzymes, the activity of which depends on the redox
Potential, could be used in a similar way to measure the oxidizing or

reducing potential within a gel as well.

These displaced pH-activity curves of enzymes can be jusf as well
explained by assuming a change in the ionization potential of the
imidazole groups at the enzyme active site caused by thg eléctrostatic
field of the molecular environment surrounding the bound enzyme,

/

incidentally. Either model of course leads to identical free energy

terms (Goldstein et al., 1964; Schurr, 196k; Chattoraji and Bull, 1959).
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Figure 7
pPH-Activity curves for trypsin and polymer trypsin derivatives at

different ionic strengths with BAEE as substrate (Goldstein et al.,

Figure 1, 1964).
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Figure 8.

L3.

Normalized Mic.aelis-Menten plots for trypsin and

P-T acting on BAA (Goldstein et al., Figure 3,

106L).
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Table IV
;
A comparison of some kinetic constants for soluble and insoluble enzymes.
Carrier
Enzyme Substrate Km Reference
Aminoacylase DEAE-cellulose Acetylmethonine 0.004 Tosa et al.,
1967
none 0.006
Ficin carboxymethyl— BAEE 0.002 Hornby et al,
cellulose 1966
none 0.02
» Hexokinase ‘mitochondria ATP 0.005 Li and Ch'ren,
: 1965
none 0.0013
Papain co-polymer BAEE 0.019 mole/L. Silman et al.,
peptide 1966
none 0.019 mole/L.
*
Trypsin maleic acid- BAA 0.002 Goldstein et al.,
ethylene 1964
polymer
none 0.007

* At p = 0.0k; on adding salt the value approaches that for trypsin.
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Table V

Effect of Ionic Strength on the PH-Activity Profile of Bound Trypsin.

(Goldstein et al.)

u A pH L4
volts

0.006 2.4 0.15
0.01 2.0 0.12
0.2 1.3 0.08

1.0 ‘ 0.4 0.03
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Incidentally, whether or not ApH is considered to be a measure
of the difference of concentrations of hydrogen ion in and out of the
gel phase or of the activity depends on the conventions used (McLaren
and Babcock, 1959; Goldstein et al., 1964). Goldstein uses activity
terms in discussing the hydrogen ion but switches to concentrations
in discussing the distribution of substrate between the solution and

gel phase. The Michaelis-Menten equation for solution
vo= v (s)/[KIn + (B)]

is modified for enzyme action in the gel phase. It is written by

Goldstein et al. as

Vg = Vmax(s)/[Kme-ZGW/kT + (S)]

on the assumption that the true Km is the same in either phase and

that the distribution of charged substrate between the gel phase and

the external solution is given by [S]g = [S]e3EW/kT. The experimental,

apparent K = K e-Z€W/kT.
m,g m

of charges € on the substrate and k is the Boltzmann constant. A

z is the number (positive or negative)

comparison of kK and K . is an alternate way of finding V.
J

V may also be calculated from the theory of polyelectrolyte gels
(Katchalsky et al., 1954); agreement with ¥ calculated [A. Katchalsky,
N. Shavit, and H. Eisenberg (1954)] from the enzyme-kinetic data is
very close and we may conclude that km is about the same in or out of
the gel. 1In addition we may infer that k3 is also the same for both

T and P-T systems.
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Incidentally, the surface pH of micelles has also been stucie:
with indicator dyes (Mukergee) and that of clays with adsorbed

organic acids coupled with infrared spectroscopy (Harter).

Lowey et al. (1967) have used a P-T derivative to study the

action of trypsin on myosin. With the water insoluble derivative the

total number of peptide bonds available for enzymatic hydrolysis is
markedly reduced. Soluble trypsin converts myosin into a large
fragment (an ATPase) and a small one, the meromyosins. High

concentrations of trypsin degrade the large fragment into small,

globular subunits and a great deal of peptide material and non-protein

nitrogen. The P-T derivative, by contrast, cleaves the large fragment

under mild conditions with little loss of non-protein nitrogen, a
feature which should be of value in the structural analysis of

myosin to come.

By now a number of related systems have been prepared and for

some of these kinetic constants have been obtained, Table VI.

Silman et al. report four water-insoluble papain derivatives
Prepared by three methods, namely, by covalent binding to a water-
insoluble diazonium salt derived from a copolymer of p-aminophenyl-
alanine and leucine, via binding to an insoluble preparation of
collagen with bisdiazobenzidine-2, 2'-disulfonic acid, and by self
crosslinking with bisdiazobenzidine. The copolymer derivative had

a lower heat stability than that of native enzyme ( ).
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Chymotrypsin and trypsin have been coupled with insoluble dextran
(Sephadex) via a treatment with isothiocyanate and a reduction of
activity was attributed to steric hindrance. This hindrance was
most marked with amylase: evidently the substrate, starch, never
makes contact with active regions of the enzyme (or else the active
site is deactivated by the linking reaction) (Axen and Porath, 1966).
Insoluble trypsin has been prepared by reaction with glutaraldehyde
and by conjugation with aminoethylcellulose, also with the aid of
glutaraldehyde (Habeeb, 1967). The cellulose derivative was 56
percent active as trypsin toward casein. A decrease in enzyme

activity has also been observed with insolubilized urease (Riesel

and Katchalski, 1964).

Cellulose reprecipitated from Schweizer's reagent is useful for
the preparation of highly active, insoluble trypsin, chymotrypsin,
and ribonuclease and cyanurcellulose is a useful intermediate. The
altered properties of these insoluble enzymes are in the direction of
reduced activity, reduced temperature stability and increased storability
(Surinov and Manoilov, 1966). Chymotrypsin has also been insolubilized
with carboxymethyl cellulose azide and the product has an increased
heat stability. A derivative which had a tendency to swell in
suspension was more active than a derivative that did not show this
property. There appeared to be no shift in the pH optimum (Mitz and

Summaria, 1961).

Mitz and Summaria were evidently the first to uncover a number

of interesting properties of such systems. Insoluble trypsin and
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chymotrypsin (carboxymethylcellulose) derivatives are more active on
the smaller peptides as compared to protein substrates and are not
inhibited by blcod inhibvitor, both of which suggest a locus effect.
The trypsin derivative gives a controlled chymotrypsinogen to
chymotrypsin conversion from which the product is uncontaminated by
trypsin. Inscluble diazobenzylcellulose derivatives of ribonucleas:

and chymotrypsir were not very active.

Hornby et al. (1966) have used the procecure of Mitz and Summaria
to chemically attach ficin to carboxymethyl cellulose. The derivative
shows a ApH of ca 0.3, with BAEE (and none with casein as substrate),
a value which decreases with ionic strength. Such a small value and
tendency have been overlooked in the work of Mitz and Summaria. The
derivative had only about 10 percent of the free esterase activity of
ficin, but the product is stable for months, and has a greater heat
stability than native enzyme. The derivative revealed only about 5%
of free ficin activity as a protease. This was shown not to be due
to loss of a vital SH group during coupling. The insoluble enzyme
was less dependent on cysteine for activation than the free enzyme.

As may be seen in TablelV, the apparent Km value for the ficin
derivative is less than with free ficin. Benzoylgrginine ethyl ester
is positively charged in the range of enzyme activity, and should be
attracted to the carrier exchange sites electrostatically with a
resultant increase in k1 and a decrease in k2. Once the enzyme

substrate complex is formed it can react to produce a zwitter ion

and an alcohol, neither of which is attracted by the derivative, so
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k3 should not b¢ different in these homogeneous and heterogenecus

systems.

Insoluble trypsia aad ribonuclease have also been prepared by
coupling with carboxymethylcellulose hydrazide by Epstein and Anfinsen
(1962). Complete reduction of the trypsin derivative with urea and
mercaptoethanol followei by reoxidation resulted in recovery of U4

percent of the original activity. The corresponding figure for

ribonuclease activity was 40 percent.

Diazotized polyaminopolystyrene has been used to insolubilize
pepsin, diastase, carboxypeptidase and ribonuclease (Brandenberger

1956). Grubhofer, N. and Schleith, L., 1953, 1954).

b. Bound enzymes in columns.

Once it had been found that enzymes are quite active on adsorbents
and other polymeric carriers, it was obvious that systems had become
available for obtaining reactions in columns and from which reaction
products could be readily separated without contamination by enzyme.
Clay-bacterial enzyme columns have been studied as an analogue of soil
(Skujins et al.) and the enzyme activity of lichen cells entraped in
acrylamide gels has been recorded (Mosbach and Mosbach, 1966).

Reaction kinetics in columns have been reviewed (Malek and Fencl).

Solutions can be continuously passed through columns of adsorbed
enzyme, and the choice of carrier is great (positive, negative

zwitterionic and neutral adsorbents and chemically binding gels and
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action
solids). The simultaneous role of enzyme-carrier and chromatographic
/

separation in such columns allow one to separate reactants and
products, and in pr.nciple, to give very high yields, even greater
than those obtainable in equilibrium homogeneous systems. Hornby et

al. ( ) reports yields of 19-99 percent for the hydrolysis of BAEE,

depending on flow rates.

On passing through a trypsin column, poiylysine was converted to
lysine ane di-, tri- 2nd tetralysine was converted to lysine and di-. wii,
and tetralysine. Protamine and oxidized insulin give normal tryptic

digests (Bar-Eli and Katchalski, 1960).

Small amounts of enzyme can be used over and over without much
loss in activity which is delightful if the enzyme is precious
(Mosbach and Mosbach). A flavoprotein D-oxynitrilase combines with
a cellulose-based ion exchanger to form an active, stable catalyst.
Columns of the catalyst have been used for the continuous synthesis
of D-a-hydroxynitrites from aldehydes and hydrocyanic acid. The
products can be prepared in kilogram quantities with milligram

quantities of enzyme (Becker and Pfeil).

Bernfield and Wan nave immobilized chymotrypsin and trypsin in
acrylamide gels. Of course research and analyses with columns can
be mechanized and automated, and gels of enzyme can he handled in
the form of particles, blecks, strings, rods, coatings and tub-g,
all containing thz sew™ amount ¢f enzyme per unit volume of gel.

Glucose coxidase and lociic dehydrogenase activity in polyacrylamide
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gel have been controlled in this matter (Hicks and Updike, 1966).

The apparent Km for thL: dehydrogenase system was higher in the gel than
in free solution, whic- =ay reflect a reducticn in k1 owing to a reduced
(diffusion limi ¢1) vate of combinaticn ot enzyme and substrate in the

L

gel.

Chlorine esterase has been immobilized with a starch matrix on
a urethan foam pad (Bauman et al., 1965; Guibault and Kramer, 1965).
The activity can be monitored electrochemically or fluorimetrically,

depending on the substrate.

3. Bound enzymes in films and membranes.

We have thus far encountered a number of examples of extra-cellular
digestion. Solids ingested by phagocytosis and perhaps transient
subcellular particles such as fat globules and starch granules are
subject to intra-cellular digestion, doubtless by nearly identical
mechanisms. In some cases enzymes are probably stabilized by micelles
(Ugolev, 1955). A third consists of membrane-contact digestion (Ugolev,

1965).

As soon as we begin to encounter enzyme action in films,
mitochoﬁdria, cell surfaces and the like we encounter in a dramatic
way the question of the meaning of concentration in volume elements
so small as to raise doubt about the adequacy of statistical averages
of numbers of molecules and ions (McLaren and BaScock). This in turn

raises questions about the validity of mass action, equilibrium, steady
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state assumptions, etc., when ions, particularly hydrogen, are
being formed or consumed, or local charges are altered in position
and numbers by virtue of reorganization of subcellular structures.
Mitchell (1967) has reviewed the kinetics of translocation of
biological membranes. One model that has been studied is of great
heuristic value. It is the action of an enzyme attached to a
semipermeable membrane. Goldman et al. prepared a papain-collodion
m¢mbrane matrix by adsorption of papain, followed by cross-linking
the papain with bisdiazobenzidine 3, 3'-disulfonic acid. Microscopic
examination of the film showed that the two outer layers contained
all ;he protein to a depth of TOu. With proper treatment the enzyme
could be attached to only one side of the film; with such a film,
activated with cysteine, diffusion-reaction studies may be performed.
For example, when permeability studies were carried out with BAEE on
the enzyme-free side, BAEE diffused through the film and only the
‘product BA emerged on the papain side. This is an example of vector
chemistry (Mitchell). Curiously, at pH 6 the papain membrane had
only about 5 percent of the activity of an equivalent amount of free
enzyme on BAEE but 40 percent of the activity én benzoylarginine
amide (BAA). The expected ApH was observed with these systems with
BAA‘(FiéJ 9) as substrate; the net charge of both products, summed,
does not differ from BAA in the microenvironment and the influence of
membrane charge is manifest (4pH = 2). The pH ogtimum for soluble

papain is at about 6 with both substrates, but in the film the
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optimum appears tc he above 9.6 with BAEE and is never reached. This
will-o'-the-wisp behavior can be accounted for qualitatively by
noting that the cartoxyl-group proton cannot be transferred to ethanol
in the way it can transfer to ammonia released from BAA and the increase
in hydrogen ion concentrations in the membrane during hydrolysis tends
to depfess the activity of the papain. This depression can only be
counteracted by adding base. If the membrane is dried and powdered

to destroy some of its structure, a pH optimum is observed, at pH 8
with BAEE. Further, the behaviour with BAEE approaches that with BAA
if high concentrations of buffer are employed, and calculations of

the hydrogen ion concentration in the membrane based on assumptions

of diffusion coefficients and Fick's law, at low buffer capacity,
indicated that the internal value of hydrogen ion concentration could
be several orders of magnitude greater than in the external solution.
It should be pointed out that "not infrequently the addition of

either suspended solids or polymeric material to a homogeneous liquid
increases the diffusive transport rates of some third species in this
medium'" (Metzner, 1965) and even the simple assumptions are subject

to doubt as to quantitative validity in structured media.

Membrane digestion occurs in yeasts, microorganisms and plant
roots (B;own, 1954), as already mentioned. It may be difficult
experimentally to localize the site of splitting of food-stuffs and
to be sure that a liberated, soluble enzyme is not involved as well
as a localized membrane-containing enzyme (Ugolev, 1965)1 An existence

of a A pit locus effect is certainly indicative if the enzyme can be
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Figure 9. Activities of crystalline papain and of a collodion matrix
papain membrane on the low-molecular weight synthetic

substrates BAEE and BAA (Goldman et al. 1965).
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studied in both the surface and solubilized state. Other techniques
have been used including a) specific enzyme inhibitors that do not
penetrate cells (Rothstein and Meier, 1948; Ugolev), b) failure of
digestion to vary with variation of external pﬂ,suggeéting that the
process is intracellular, and c) histochemical localizations of
enzyme activity (e.g., Jensen). In the intestine many macromolecules
seem to be digested by membrane contact in addition to the occurrence
of such process in the bulk content of the gut. The problem of self
protection of living cells from such digestive processes is still
mysterious (Montagu, 1966); the subject of mammalian and plant tissue

cell surfaces has been reviewed (Weiss, 1962)(Miller, 1962).

A self-digesting membrane system, studied by Mazia and Hayashi,
is that of '"fibers' of pepsin and albumin. These are actually folded,
compressed mixed monoiayers of pepsin and albumin that have been
spread on a Langmuir trough (Mazia)(Mazia and Hayashi). The films
under autodigestion when placed in buffer of low pH and the kinetics
has been partially analysed (Schurr and McLaren, 1966; McLaren and
Babcock, 1961). Mazia and Hayashi compared the rates of action of
Pepsin on ovalbumin in fibers with the rate on free, heat denatured
ovalbumin but it is probable that the substrate molecules do not have
the same chemical composition and molecular weight in both soluble
and insoluble forms, as judged from both thermodynamic reasoning and
chemical tests (Schurr and McLaren, 1966). Since. in the fibers the
usual concentration terms, such as moles per liter, are mganingless,
the mole fraction equations were used and the results were compared

with reaction in homogeneous solution. The assumptions were steady
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state kinetics in both systems and that Bull and Currie's equilibrium
constants apply to both native and denatured ovalbumin. 1In Figure 10
are plotted the data in terms of the equations (8a) and (9a). By
equation (8a) the maximum velocity is v' = 0.11 E, for pepsin in
solution, and by equation (9a) v'/Eo = 0.09 1in the fiber, which is
only a little less. However, the ratio of found rates in fiber and

in solution with Mazia's compositions is near 50 whereas the calculated
ratio is only 3.2. Either the assumed constants are not applicable to
surface denatured ovalbumin, or the composition of heat denatured
ovalbumin (used by Mazia for comparison) and surface denatured

albumin are too different for comparison in an enzyme-substrate
reaction, or else the influence of "fiber" structure per se is profound.
All these reasons may be important and they serve to show that any
attempt to study enzyme reactions of a digestive nature in the living
cell at the present time, where the structure plays a part, will have
to solve such problems. Here locus effects extend beyond ambiguities
of concentration and diffusion to those of configuration; form becomes

equally as important as function (McLaren, 1960).
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B. STEADY STATE STUDIES OF NITRIFICATION IN SOIL:

THEORETICAL CONSIDERATIONS1

Erh, Elrick, Thomas and Corke (3) and Macura and Func (8)
have outlined the methods for study of nitrification in soil and
have pointed out that a continuous flow method in an open gystem
is more closely related to field conditions than are batch or
reperfusion procedures. Other ways for study include the chemostat
in which the flow rate of a nutrient is determined by growth rates
of organisms (internal control) or by the low concentration of a

growth factor (external conmtrol) (11).

In columns of soil, nitrifying organisms can grow, i.e.,
increase in number, after substrate is furnished to the column
until a steady state, maximum population is reached (12). The
soil can be incubated with substrate until this population is
reached, followed by analysis of effluent from freshly perfusing
substrate solution, or else the effluent can be analysed from the
very beginning. In the latter case organisms will grow and the
makeup of the effluent solution will continually change. 1In the
former, the relative amounts of products may remain constant, {.e.,
the makeup of the effluent can become time invariant and a steady
state pertains. In both cases the evidence suggests that the
maximum population continues to carry out nitrification with very
littie multiplication, except to replace those organisms that die,
but it is not known how the rate with a constant population_conparq.
with those of a growing population on a per cell basis. It is

recognized that mutation can also take place during continuous flow (11).

'; Submitted for publication.
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For the simple system depicted in Fig. 1, I have indicated a
series of consecutive reactions for nitrification in a column of
soil, including a transport of fluid into the column at a rate of
kbcm/day. The entering fluid contains ammonium at an initial
concentration (NH3+)°. Within the soil ammonium is transformed
to nitrite by Nitrosomonas species at a specific rate, kl’ and
nitrite is oxidized to nitrate with a rate constant, k2, by
Nitrobacter species. Finally, products and any unreacted ammonium
exit. This is an idealized situation; a host of factors which

could modify the specific rates have been set aside. Some of

these factors are known and will be discussed later.

The specific rate constants, kl and k2’ include the
concentrations of enzymes responsible for the respective reactions,
and these concentrations may be taken as proportional to the
numbers of respective organisms present. Consecutive reactions of
time (<7); however, we will vant to express concentrations as

functions of distance in a soil coiumn, that is to say we have a

vectorial chemical reaction sequence.

MODELS

We can begin with the simple case in which the soil column is
treated with a solution of ammonium and allowed to stand without
flow until a maximum population of nitrifying organisms has been

reached. [To avoid details of ionic elution, simultaneous reactions
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by other denizens in the column, etc., one could use glass beads

as the carrier (/) to simplify the model. By choice of ion
exchange beads, ion exchange could be reintroduced to the model (/0 ).
Fresh substrate solution is then leached through the column.

Although this solution enters the soil at a rate ko’ the rate is
faster in the soil column since the water content is only of the
order of one-fourth gram per cm3. Let the flow rate in the soil be
X cm/day. The flow rate, f, in the soil is then Eko, where E is an

exparsion factor. Then X = ft = Ekot.

The rate of disappearance of the ammonia, for a constant

amount of catalyst, is given by
+ +
d(NHh )/dt = - kl(mik )
and the variation in concentration with distance is
+ +
d(NHh VY/dX = -~ kl(NHh )

where Ky is kllzko. Similarly, the rate of change of nitrite

conceatration is

d(No,)/de = kl(NHl:‘) = ky(N0,")
and

d(No,")/dX = K1(NH1¢+) = K,(N0,")
vwhere K, = kzlm‘o‘

+
From these equations, the concentration of Nﬂh at any distanc.

in the soil column is given by

-k X

(vm,") = (") e

(1)

(2)

(3)

(4)

(5)
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The concentration of nitrite is given by

¥, ) 1 -k X -KX
(Noe-).ﬁi_“_).gLexl_,K?] (6)
kKK
and
(Noy7) = (m) ~ | (") + (Noa')} (M

Incidentally equation (5) can be applied to the reperfusion
situation by setting X equal to L, the total length of the soil
column. If the solution is recycled once the concentration becomes

-K. L -2K. L
(w5, = et . gmt, e D
~ and for n cycles

-nkK, L

+ -t
L, )o e (xm, ) e

Here O = rKlL, and r is the rate of cycling, n per day.

In order to plot equations 5-7, some numbers have been
arbitrarily chosen from the literature for illustration. From
Knowles et al. the growth rate constant for Nitrosomonas can be
interpolated to be 1.43/day at 25° and that of Nitrobacter as 1.65/day,
and from experiments of Erh et al., reasonable values are
ko = 3.85 cm/day and E = 3.9 for a column 10 cm in diameter.
(NH):')° 1s chosen as 100 ppm nitrogen. Further, we arbitrarily
take k1 and k2 as numerically equal to the growtﬁ rate constants
simply for purposes of illustration of nitrification curves.

The relationships among these constants will be discussed below.
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Values of nitrate, nitrite and ammonia as functions of digtance of

travel in this hypothetical column of soil are plotted in Fig. 1.

In the general case, additional features must be taken into
account. In & resting soil there will be an initial numerical
population of nitrifiers, n, and n,, which begin to multiply
following entry of ammonium. The constants kl and k2 are actually
k1'(°1) and ka'(ce) respectively, where C, and C, are enzyme
systems involved in the oxidations. These concentrations, (cl) and
(Ca), may be taken as proportional to the biomasses, m and m,,
of Nitrosomonas sp. and Nitrobacter sp. respectively. Further,
these biomasses are related to substrates by the Monod equations (7),
" namely

- d(m*)/ae = Ad(m )/de (8)
and

- d(N0,")/dt = Bd(m,)/de (9)

where A and B are proportionality constants. It is assumed, of
course, that n, is directly proportional to o, and n2 to n2. For

the growth of Nitrosomonas sp. we write, in the usual way (7 )

- ot (10)
™ o,
and for Nitrobacter sp.
-a &2 : ' (11)
o=,

as first approximations for the initial increases in biomasses.

7 = 0.693/7, where T is the mean generation time and is |
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FIGURE 1. Continuous flow of nitrogen in a soil column.

1 and k2 are

the specific reaction rates for the chemical oxidations shown

ko is the rate of inflow of ammonium, and k

at the top of figure. For a steady state of flow ko is also

ﬁhe exit flow rate. z Ni 1s the sum of all forms of nitrogen
in the effluent and equals (NHJ')o in the steady state,

whereas the population is at a maximum, and nitrogen is no

longer being retained by the biomass. The horizontal

dashed lines give the compositions indicated at soil colummn
lengths of L = 20 cm and L = 40 cm. The nitrite concentration

is computed with equation (6).

Note that the near coincidence of concentrations of N02-,
N03- and NH];+ at X = 11.6 cm 1is a coincidence for the values
of % and 75 chosen and is not general. Also, the reaction

is assumed to be at about neutrality, whereas NH;+ >> NH_.



characteristic o the species (7). An important feature of ¥,
however, is that 1t depends upon the concentration according to

@ second Moncd :auation, namely

+
7 (Nﬂh )
¥ = 1 for Nitrosomonas
1 + ——s s umonas
Kml + (Nﬂh )
and
7o (NO,7)
2
7 = - for Nitrobacter.
K + (NO ) -
m2 2

Yo 18 the maximum growth rate constant at "infinite" (high)
substrate concentration, provided the nitrogen source is the
limiting nutrient (/!), and K 18 the corresponding Michaelis-
Menten concentration (the concentration at which the ratio
7/Y. = 0.5), characteristic of the organism. The constants
K, are generally very low compared to (Nﬂh+)o (/) and therefore
A

These relationships give, for the rate of disappearance of

ammonia, from equation (1)

y. t
b om, ")

¥, t
— a(wm*)/ac = kl'slmole 1 (v, ") = K' e
where

1(1' - kl'ﬁlmol and B, = cl/ml.

65
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The situation is further complicated by the fact that the
population does not increase indefinitely, but rises to & maximum
value; at least the nitrification data from perfusion experiments

seems to indicate this ( ). Consequently, we need growth equations

vhich will encompass this feature in place of equations (10) and (11).

Let dn/dt = on(1 - n,nmnx)

where N oax is proportional to the fraction of surface covered with
nitrifier at time t and LY is the total number when the soil “surface"
1s saturated with nitrifying organism. Integration of equation (13) for

each species leads to

0, max
n. = 1 1
1 -71t
no + nmnx e
1 1
and . .
n n
0. max_
n =
2 -75t
n + nmax e 2
% 2

if n, < nmax' Note that for long times n = noax’ 88 needed.
Por the non-steady state model the rate of disappearance of ammonium

now becomes

+ . +,
- d(NHh )/dt klﬁlml(NHh )
provided that we ignore the small amount of nitrogen fixed as
microbial mass [a correct assumption ( )]. At some fixed time

we may write

(13)

(1%)

(15)

(16)

(17)
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K = kluﬁlmmaxllEko as in equation (2]j.

Note that when m . 18 reached, equation (17) becomes equation (2).

Upon pertizi integration, for any given time, we obtain
ammonium concentrations as a function of distance X in the column,

i.e
.y -y

£
Ly

(=)

(NH,) - (Ne,¥) e (- exp KX/[1 + (m_ /n ) e
This can only be a rough approximation unless the flow rate is
fast compared tc the growth rate. Otherwise the amount of catalyst
will vary as the ammonium passes any plane at X. A plot of
equation (18) at any time, and for relatively rapid flow, will

simply be a curve similar to the ammonium curve of Fig. 1, but

with a more shallow slope.

In general, as the ammonium front mcves forward, for a total
travel time T = XT/f » organisms behind the front will be
stimulated to grow, and at any distance Xt, the time since the
solution reached that distance is T =t = (XT - Xt)/f.
Substitution of Xy = L for the length of the column and (L — X)/f
for the time that Nitrosomonas has had to grow from the commencement
of flow of ammonia into the column ianto equation (17) and integrating,
we éhtain as a general solution of the following equation,

I N +
_d(qﬁh ) k1 Bl(NHh )mmax

dx . -71(xr- X)/£
Eko (1 +Me )

(18)



K £
- —
namely
- %y - 71
1
o h - et (1+w)
' ;o= (v )o Xy
1
1+ M
- ( ¢ -
=L
where M' = )Mo - and M is nhax/mo .
1

Again, simply for purpose of illustration, we let " k1 )
8o that Klf,71 in unity. (This will generally not be the case,
but the important result of equation (19) is not altered by this

simplification.) Equation (19 thereby reduces to

— -

‘f

, + o+ 1+

(VR ) = (¥, ), " - N
- vy, X 71(1‘ = x)

for the variation of ammonium concentration within the column, and

for the concentration at the exit where X is L. The equation is
plotted in Fig. 2 with M =10 and L = 20 and 40 cm. It is
important to note that as L becomes large in comparison with X,
for example L = 100 cm, equation (19a) becomes almost identical
with equation (5), both of which are plotted as the lowar curve in

Pig. 2. (Here 7" k1)°

+ +
Note also that for X =0, (NHh ) = (Nﬂh )o’ for X = L,
L
N . & o ,
(Nﬂh ) = (NH, )o(l + M)/(e " + M) aud for X = L = infinity,

(Nﬂu+) is zero. Further, in general from equation (13)

¢8

(19a)



A9

m ~ 1
M = —E%f-——- :nd 1t follows that for M = 4§, K1 = k'lﬁ(i + l)mo.
K.X
i

In Fig. z. the upper curve is a plot of (Nﬂu+) = (NHh+)oe ’
showing the course of oxidation of ammonium if the population of
Nitrosomona= is not ailowed tc multiply during ne-fusion, for example
by means of radistion or by the presence oif 2 growth inhibitor

deliberately adced to the ammonium solution. Here M= O and

[ ] - [}
K, =k lﬁlmol/f k'.Bm /10 .

The equaticn describing the path of the fluid flow front may
be had by setting L = X in equation (19) or (19a). For the special

cagse of k, =7, , equation (19a) becomes

%),
[;(7/f)L + ﬁ]
T T+

It ia drawr as the hiroken line in Fig. 2 for M = 10 as before.

(v,") =

Equation (19b) is further imstructive: if f is very large
ccmpared with L, there is no reduction of (NHh+) with distarc: and
if £ is very smill, at any value of L the concentration of (NHh+)
falls toward zerc.
Equations for the concentrations of NOE- and N03- as functiors
of X cen in princi.:i be found by the procedure used for the firat
model. That is to sa-, for the rate of change cf nitrite concentration

we write

aa J + — ! -
dNO, Ydt = k;fym (NH, ) —~ kB m (NO,7)

(19v)
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where m,, is the biomass of Nitrobacter species, and with the aid

of equation (19a)

- +
(¥0,7) (nH, ) -y, /£°X
d(No,”)Ax 2 S e R I
v, /£°X 1+ Mi
1+ Mé e 2
’ —(72/f)L '
Here M) =M e and K, = kQBemmaxelg k, .

Even by letting K2f/72 = 1 by analogy with the transformation
of equations (19) to (19a), equation (20a) requires a solution for

which there is no standard indefinite integral, namely
-]%f

- Hé e(72/f)xJ 1+ “é e(b-a)x + em3X

Here b = 72/f and a = (72 - 71)/5.

Fortunately, for purposes of illustration, and without loss of the

picture qualitatively, under certain growth conditions 75 ooy, (6)
i .
Our integrated equation is then simply
K, () G+
- Ny, - ) «F
(o) = | e || & /0% Ly | x4 g7y 108

1l + Hi ' (1 + Hé e{'f/f)x)

(20)

(20a)

(20v)



For convenienze in plotting we make the nct nareasonable assumpticn
that M1 = HE »nd, with the values ~f 3 and M aiready chosen the
concentratiocn ¥ nirrite leaving a column of length L = 20 cm &s
a function of :ime (or of multiples of column leaigth L) are plotted

in Fig. 3 with the aid of equation (20b).

For the limiting case when the column ezhibirs: saximum growth
equation (20b) beccmes (20c) by setting L = w R

(w0,”) = x(mxf)ox (/A (20¢)

and this c~uation is plotted as the lower curve in Fig. 2. Again

- + + -
the concentration of (NO3 )= (NHh )o - {(Nﬂh ) + NO,, 1, Pig. 3.

DISCUSSION

The usefulness of these models will depend on how weli taev
predict the kinds of data repcrted in the literature. For the
mcdels <ufficient oxyzen and auxillary autriants (c 52 cations and
anions) are a--umed t> ba presear so as not to be rate limiting.
In the literature concentraticns are measurad in the effluent
whereas Figures 1 and 2 give the distribution of metabolites within
a column as well, Sometimes data has been reported as conéeﬁtra:ions
as finetiona of total time of flow through a column (e.g., Macura

et al.) and sometime. as multiples of pore volumes (Erh, et al.).
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Preconditicned o1l lamn

Inflaenc: i -~ constants. By equation {£) 4f K, is much
greater than Kl’ ’RZ ;1), the concentraticn of ritrite is nevasr
very large ccamrarad tc §NHh+)o and quickly vanishes with distance, X.
Further, fNJ?q) ‘s pgenerally much less than (NO3~) except at the

~

beginning «f Lhs vector reaction. On the other hand, with K, < K,

the concentra=ior ~€ %9 ") can be much larcer than (NOB") at small
+

values of X and greatsr =-han (NHh ) at larger values of X ( .

The maximum value of tAOE—) is given by

%

K=K
4

N

K
S A = +‘- 2
\ Noa / @ X - (Nﬁh )o (‘K—{

and the position of is maximum in the column can be found with
the aid of equations (6) and (20). By inspection of Fig. 1 it can
be seen that the relative concentrations of the three :orms of
nitregen, NHh+' N02- and N03— depend on the length oi the coluza
for a steady rate of flow. Since the porulation of nitrifiers is
fixed n1d maximal, the concentratiors in the solution leaving

the columa will appear to be constant at some value L, i.e., the
column ma>r ~a saig to be in a steady state. These remarks might

pertain to & column +iin the following properties.

a. The z-lumn is icert, say cf quarts beads or resin beais

(/2). T--re is no ion exchange with -he metabolites. A column of
soil is more compli.ared; it shcws an elution of ions with time as

+
can be expected as Nﬂh replaces other cations and nitious and nitrie

(21)



ions replace =91l aniras. Strictly speaking such replscements
will prevent a f:u: steady state from ever develeping in so far
as metabolis.: dc:encs on microenvircamencal conditions of surface
pid, solil structure, .ind redox potextial, ail of which will svalve

ag the syszem tend: coward a steady state.

b.  Hatevotropztic organisms are alsent. HeterotTophs can
grow on nliorogen we te products and other catabolis products
produced by the i -flers, and these wiii comtributa *o the
facters ju:t mentic.::2

Distributions of nitrifiers in the column will overlap
depending on the relative rata constants K, aud K2° if K2 >> K1
most Nitrosomonas species will be near the front of the colunn,
whereas 1if K2 = Kl populations nof both nitr-ifiers will nearly
coincide.

€. A source of insoluble carbonate is present to buffer
the system. Otherwise a reduction in FH along the column carrier
can prevent the organisms from metabolizing.

Inspection of equation (5), for example, [or equation (7) wrich
mirrors equation (5) at large values of X (compare Fig. 1))

(NH}:)/(N&;)O } e-(klxlf)

shows that i{f the flow rate is increased the distance at whick the
same amount 2f oxidation is obser-~4 +:ilil alseo ;ncrease. rovidad
L is great enough, however, the cxidation will be almost complete

regardless of the initial concentration of ammonia or of the fl.cw



N

rate. In other words, the input cocncentration (NHh+)o and the
output concentration (N03°)L will be equal and independent of £
if the column is long enough, as found by Erh et al. for a twofold

change in flow rate, i.e., by equations (5) and (7)
- + -KX
(NO3 )x = (Nﬂu )0(1 - e )'

Influence of increasing initial ammonium concentration. For a

76

given value of flow rate and length of coiumn, an increase ia (Nﬂh+)o

will lead to a proportional increase in (NHh+) at L. Under the
conditions described for this situation by Ehr et al., no nitrite
wag observed in the effluent and conmsequently, by equation (7) and

(5) an in:rease in (NHI:)o vill increase (N03-)L proportionally by

KL

(Nog7), = (") (1 - ™).

Of course, as one increases the value (Nﬂh*)o one pour volume
of effluent would need to pass the column before the increased
concentration of (NO3-)L would appear constant, in order to aliow
for the time required for the front of increased total nitrogen
content to reach L. [This neglects any diffusional broadening 7
concentrations at the front (3 ).] Any increase in this time would
suggest that th; maximum possible population of nitriffers had n-t
been present prior to the increase in (NHU+)0' Prior to the
increase the population may have been more or less steady, in
keeping with the nutrient level available (/[ ). Any increase ia

populations would increase K1 and K2.



Virgin Soil Columns

The composition of the solution leaving the column depends
again on flow rates and rate constants. The concentration of
ammonia leaving a column of length L, based on curves in Fig. 2
is plotted in Fig. 3 as a function of time and of multiples of L,
which amounts to the same thing for either parameters. (L = ft) is
a4 measurement of the time elapsing since perfusion began. The
lower dotted line in Fig. 3 represents the concentration of ammonium
leaving a preconditioned column. It may be nearly zero if the time

or length I. is great enough.

In order to calculate the concentration of nitrate (or of
nitrite) leaving the column we have proceeded to find the conzentration
of nitrite as a function of X, with aid of the calculus along the
lines by which equations (6) #nd (7) were obtained. We have limited
the present discussion to the instance that 7, = 71 ’ M2 = Ml
and K2 =K, = y/i. This limited picture is nevertheless rot
without value as the general features of nitrification are encompassed
by it. A comparison of Figures 1 and 2 shows that the concentration
of nitrite within a column is only slightly higher at any distarnce,
if Yo =7y instead of differing by 7 = 1.43/day and
7, = 1.65/day ’as chosen for the preconditioned soil. Comparison
of Figures 2 and 3 reveals that the preconditioned "soil" and the
"soil" perfused for a time equivalent to several multiples of I are
essentially the same provided the “soil" behaves somewhat like glass

beads.
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On the other hand the two soils will differ drastically if
the virgin soil is perfused for a time during which ions can be
exchanged and eluted from the column. In the preincubated scil
the populatiocn can multiply and nitrcgen can be metabolized without
loss of such ions and we have no way of knowing a priori how much
the two scils would actually differ; the models are severely limited
from the point ci vicw of handling all the chemical variables in a
real soil. in spite of this short coming, the first model seems
to be comprelLensive enough to match the general trend of results
reported in the literature for recyclic perfusion (/2). The more
recent results of Macura and Kunc are encompassed by the second
model as may be seen in Fig. 4 wherein some of the data of Fig. 3

is plotted as cumulative yields of nitrogen with the aid of equatioms

Nnh” = ﬁNﬂh+)AdL = f(mx,f) 2 far

and
f£daT

Bi»

o, = d/Euoz')AdL = \/}NOE')

where A is the cross sectional area required to convert n muitiples
of L into volumes of effluent. From equation (20c) we note that
at large values of X, i.e., more soil in the column in terms of
Macura's resulté; the concentration of nitrite falls toward zero
and the cumulative curves for nitrite would level off with time of
flow. Ehr et al. describe a number of features of nitrification

which point up the insufficiencies likely tc be encountered ia any
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model as an anaiog of a real soil, for a true steady state system
can never be achieved. Even though a maximum population of
nitrifiers may be achieved for a short time, elution of soil ions
by the products nf the nitrification reaction will result in
changes in microenvironments that inevitably will tend to new

quagsi-steady states of indefinite duration.
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C. ESTIMATION OF SURFACE le

Harter and Ahlrichs (2) have published a new method for estimating
pH at the surface of clays and found that the surface of bentonite seems
to be about 100 times more acid than ambient solution at a pH of about
7.0. Their rational has been mildly criticized by Mortland (5) and rebutted
by the authors (1). Although I have nothing to add to Mortland's specifics,
I wish to call attention to two other procedures in addition to those

mentioned by Harter and Ahlrichs.

1. Surface pH and electrophoretic mobility, u.

According to the Hartley-Roe equation, surface pH, pHs, is related
to bulk pH for a suspension of particles by pHs-pr = 0.217T p = A pH
for large particles and A pH = 0.325 u for small particles. Strictly
speaking this pertains to the plane of shear. For kaolinite A pH is
about 1 in sodium phosphate-borate buffer at an ionic strength of 0.05

and pH, = 8.05, as measured by G.V.F. Seaman [in (3)].

2. An enzyme as a molecular pH meter (3).

The action of chymotrypsin on denatured lysozyme as a substrate, in
solution and adsorbed on bentonite and kaolinite reveals differences in
pH optimum for activity of ca. 2 pH unites (3). For free lysozyme
ApH= - 1.3 and for lysozyme on kaolinite A pH = 0.54 for the complex,
both being calculated from electrophoretic measurements. Thus the effective
pH at the surface of lysozyme molecules in solution is 9.4 and that on

kaolinite in suspension is somewhere between 7.05 and 7.51 in the same

1 Submitted for publication.
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solvent, pr = 8.05. Alternately, subtracting 1.3 units from 2 units
for the shift in enzyme optima leaves a A pH of about 0.7 for both
bentonite and kaolinite (L),

Although these acidity differences between surface and solution are
smaller than those reported by Harter and Ahlrichs, Mortland is of
course correct in stating that a whole range of acidities are possible
with clays, depending on water content, ionic strength, and the
particular electrolytes present. This could account for the smaller

values for A pH found by us.
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II. EXPERIMENTAL

A. PEE3ISTENCE OF ENZYMATIC ACTIVITIES IN STORED

AND GEOLOGICALLY PRESERVED SOILS1

The considerable volume of literature about enzymatic activities
in soils has recently been reviewed (1,2). Answers to basic questions
concerning the origin, localization and persistence of soil enzymes
ire ' till wanting. Sev2ial difficulties have been recognized,
including inherent difierences in natural scil samples, cnangzes in
activities during handiing, and need for better methods (1,3). Almost
all prior studies on soil enzymes have been with fresh or freshl air-
dried soils. This report, on the other hand, describes some results
obtained with about 60 years old, stored arid area soils, and with
geologically preserved, 3,715 to 32,000 years oid, permafrost peat
and soil samples wherein the numbers of live organisms have diminished

considerably.

Materials and Methods

Soils. The characteristics of soils are shown in Table I. Aiken,
Columbia, Dublin, Yolo, Fresno alkali, and the saline Ravenswood Point,
Jarvis Landing and Dumbarton Bridge soill samples have been stored air-
dry at room temperature for the periods indicated. The Staten, Oxford
Tract, and Strawberry Creek soil samples were examined fresh. Soils
in the Hilgard Collection {located in Hilgard Hall; University of

California, Berkeley) were collected in California during the first

1 Submitted for publication.
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decade of this century under the direction of Professors E.W. Hilgard
and R.H. Loughridge (‘] and have been stored undisturbed since their
collection. The select¢ed soils No. 1 to No. 1Z are non-cultivared
desert and arid area sam, ‘es.

The Point Barrow. alaska samples (5) were collected in 196k,
air-dried and examined 2 rear later; their radiocarbcn age has been
<stablished by the U.S. A-.y Cold Regions Research and Engineering
Laboratory, Hanover, dev Hampshire.

The Hawaiis~ latosoi samples were obta:aed through the courtesy
of Dr. O.R. Younge from the Department of Agronomv and Soil Science,
University of Hawaii, in 1964. The Puerto Rico latosol Nipe clay was
obtained through the courtesy of Dr. R.A. Luse, Agricultural and
Biosciences Division, Puerto Rico Nuclear Center.

The organic carbon content is the difference between the total

CO_ obtained by an improved dry combustion method (6) and the amount
of carbonate-CO2 as determined by Williams' method (7).

The pH values of the soil samples were measured in a 1:1 water
suspension.

The determination of phosphatase activity followed a published
procedure (8). To a one-éram sample of soil was added 2 ml of 0.005 M

(i.e., 10 um) Na-B-naphthyl phosphate and 3 ml of water. The mixture

was incubated without shaking for 6 hours at 250. Following incubation

the solution was filtered; 1 ml of the filtrate was added to 2 ml of

0.2 N NaOH in a 100 ml volumetric flask and diluted to the mark. The
concentration of g-naphthol was determined by fluorescence in a Brice-
Phoenix photometer. The excitation wavelength was 360-370 mu and the

emission wavelength was measured at the 425 mu peak.

89.
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Dehydrogenase activity was determined following the method of

Kozlov (9); Thunber; tubes for anaerobic incubation were utilized.
To a 1 g sample of suil was added 5 ml of a C.5% water solution of
2,3,5-triphenyltetrazolium chloride and gluccse. The reaction
mixture was placed in Thunberg tubes, filled with nitrogen gas, and
ircubated for the desirad length of time at 25% without shaking.
After incubaticn the resulting triphenyl formazan was dissolved in
10 ml methanoi, r'ltercd, and determined photcmetrically. Estimates
were corrected for caitrois; the procedure included washing soils
with methancl and a measure of the contribution of any naturally
occuring cclored compounds.

Catalase activity was determined following the method of Johnson
and Temple (10). To a 1 g sample of soil was added 5 ml of 0.3% H,0_
and 5 ml of H20. After incubation at room temperature for the desired
length of time, 5 ml of 3 N HESOu was added to stop further enzyme
activity. To determine the amount of the residual H202, the slurry
was filtered and a 5 ml aliquot was titrated with O.1 N KMnOk to the

equivalence point.

Esterase activity was determined according to the method of

Haig (11) with phenyl acetate as the substrate. The substrate solution
was prepared by adding 1 gram of phenyl acetate to 10 ml of 95% ethyl
alcohol. This was mixed with 250 ml of 0.2 M phosphate buffer, pH 7.2,
and the volume was made up to one liter with water. To a one-gram

sample of soil was added 3 ml of the T7.35 x 10.3

M phenyl acetate solution
and the mixture was incubated at room temperature for periods up to one

hour. After incubation, 1 ml of the siurry was added to a 50 ml



91.

volumetric flask. Five ml of the Folin-Ciocalteu reagent and 15 wl of
20% NaCO3 were sdaed 2a: the solution was diluted to volume with waier,
30—350. After {1iziatic.a the concentraticn ¢f free phenol was determined
photometrically.

Urease activity .y uluﬁe analysis. To & 1 g soil sample in a

€ »\)h . A
ci1anchet was acded 0 vy O -urea (Calblochem, ~08 Angeles; containing

. L o )
iC uc Cl , and U.. ml ¥ acetate, pH 5.5, G.05 .. The planchet was

placed in a radicacti e gas counting chamber and the increase of cluo

2
ir tho coamber wa oc.iored with a Geiger-Mueller gas-flow tuba
connacted ts a decade scnler and to a count ratemeter. Integrated

14
amounts of C” 0, in the chamber were strip-chart recorded. Results

we—e expressed as the rate of increase of ccunts per minute (A cpm/m)

during the first 100 minut2s; 1 pc of clho in the chamber gave a count

2
of 12,250 cpm.
The enzyme activity determinations described above are imprcved

procedures of methods described previously in our project reports.

For the determination of urease activity in soils at various

atmospheric humidities, the soil samples (1 g) were equilibrated at

the desired humidity in a closed container. Upon equilibration 10 mg
(10 uc) of dry Clh-urea wa; added to the soil, mixed and placed in

the radioactive gas detection chamber. The atmosphere in the chamber
was equilibrated at the desired humidity before introducing the soil-
urea mixture, and maintained at the desired level by placing in the
chamber a container with appropriately diluted sulfuric acid according

to the International Critical Tabies.



Urease activit in a synthetic soil. A crystalline urease

preparation UR (Worthinzicn Biochemical Co. ), suspended in water, was
adsorbed on a syntt ‘. sril (50% kaolin, NF, acid washed + 50% celite,
analytical grade)., dried in vacuum at room temperature £nd treat=d with
Clh-urea similarly tc wriural soil and examined as described above.

Clh-labelled urea was obtained from Calbiochem, Los Angeles and

Vollk Radiochemicai Company, Burbank, Califorr.is. Tre Clh—urea wa.
mixed with purified ur:a to obtain a stock containing 1 mc/g.

Urease. ?P-ecrystalline urease (Code: URC), Worthington Biochemical
Corporation, Fre«h~ld, New Jersey, was used.

The NF grade urease was obtained from Nutritional Biochemicals
Corporation, Cleveland, Ohio. It was determined that the preparation
had 3 Worthington units per mg.

Enumeration of microorganisms. The numbers of microorganisms

(bacteria and streptomycetes) in all but the Hilgard Collection soils were
determined by dilution plating on yeast extract - soil extract agar. The

medium consisted of: glucose, 1.0 g; KEHPOh’ 0.5 g; KNO_, O.1 g; soil

39
extract, 100 ml: yeast extract, 1.0 g; Bacto-agar, 15 g. The medium was
made to one liter with tap water and autoclaved. Soil extract solution was
made from 1 kg of fresh garden soil suspended in 1 liter of water, auto-

claved for 30 minutes at 15 psi and after addition of CaCO_, filtered with

3
bacteriological filters. Plate counts of all colonies were made after
l4-day incubation at room temperature.

Hilgard collection samples were plated on trypticase soy agar
(Baltimore Biological Laboratory, Inc.) (cf. 3rd Progr. Rep., January 1k,

1966, NASA-CR-T0058).

The sensitivities of enzyme assays, showing the lowest amounts of

products detectable par gram of soil by the methods described are given

in Table II.

92.
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TABLE I1

Sensitivity of Assays

Minimum amount

Activity Product
Hm per g
tal .

Catalase H202 0.1
Dehydrogenase triphenyl formazan 0.001
Esterase phenol 0.005
Phosphatase B-naphthol 0.02
Urease CO2 0.008

Results

Results of the determination of phosphatase, urease, dehydrogenase,
catalase, and ésterase activities in soils are shown in Table III aand
Figures 1, 2, and 3.

Phosphatase (hydrolysis of Na-E—naé?hyl phosphate) was detected
in measurable amounts in all soils; only trace amounts appeared in
Point Barrow soil No. 71k and in several soils from the Hilgard Collection.

The problems involving detection of phosphatase in soils have been
critically evaluated (3). As with other enzymes in soil, pretreatment
of soil (including moisture regime), incubation temperature, stirring
of the samples during incubation, and other manipulative variations
influence the vaiues of activities detected. Our samples wefe noc
stirred on a rotating wheel during the incubation and, consequently,

gave lower values for these soils (Table IV).
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TABLE III

Enzymatic Activities in 3Soils

llrease Dehvd:rogenase Catalase
Phosriic: .se co . H202 Esterase
Soil B -naph=, 1 2 H decomposed phenol
un/g/ir um/ g/hr. um/ix/hz. um/ g/min. um/g/hr.

Aiken G.z> 0.013 0.C01 1.5 < 0.0%
Columbia 0.20 0.027 0.0016 8.5 U.15
Dublin 1.35 1.156 0.0027 1-.0 2.25
Yolo C.29 0.234 G.0031 14.0 O.ks
Staten 0.26 0. 4395
Oxford Tract 0.5 0.254 5.00LD
Strawberry Creek 0.z21 0.293 0.0055
Annanah 0.14 0.082 2.0021
Twairaj 0.0¢ 0.082 0.0028
Pt. Barrow I-1182 0.8k 0.08k4 0.0013
Pt. Barrow 4 0.27 0.023 none
Pt. Barrow Tl traces none 0.0008 A
Pt. Barrow I-700 1.20 0.793 0.0035 ‘
Hilgard 1 0.11 0.005 traces
Hilgard 2 0.3y none none
Hilgard 3 0.02 0.025 none
Hilgard 4 traces rone none
Hilgard 5 0.12 0.063 traces
Hilgard 6 0.07 0.017 traces
Hilgard 7 0.22 0.17k4 0.0010
Hilgard & 0.13 0.038 traces
Hilgard 9 0.13 traces 0.0012
Hilgard 10 0.0L traces traces
Hilgard 11 0.20 0.049 traces
Hilgard 12 0.09 traces traces
Fresno alkali 0.065
Ravenswood Pt. 0.025
Jarvis Landing none
Dumbarton Bridge none
Lahaina 0. 308
Mahukona 0.083
Molokai 0.040
Wahiawa 0.154
Kawaihae 0.905
Nipe I 0.1kk
Nipe II 0.113




Pigure 1,
Enzymatic ard Biological Activity in Air-dried Agricultural

Soils in Comparison with the Organic Carbon Content.
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Pigure 2.

Enzymatic and Biological Activity in Geologically Presarved

Permafrost Soils (I-700: 9550 % 240 years old; 1-1182: 8715
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TABLE IV

Phosphata.- \wt. ity in Stirred and Non- :iirred Soils

. -naphtaol produced, um/g/hr.

Soil Soil not stirred, Soil stirred,
data from Table III data from referenc2 (%)
Aiken 0.22 0.35
Dublin 1.35 2.08
Yolo 0.29 0.32
Oxford Tract 0.66 1.55

Dehydrogenase. A measurable dehydrogenase activity was found ia

rzasonably fresh soils and soils with high microbial counts, e.g.,

Pt. Barrow I-700. 1In the other geologically preserved and in stored
Hilpgard Collection samples the dehydrogenase activity was small and
often negligible. Although a nonbiological reduction of triphenyl tetra-
zolium chloride occurs in samples at temperatures higher than 650, the
formazan released at the temperatures used in assays, 30 to 3T°, is due
to biological activity only (12).

Catalase anc esterase activities, determined in 4 six-years old

stored soils were found to be considerable (Table 111).

Urease activity was present in most of the soils. It was not
detected in some stored desert soils irom the Hilgard Collecticn and in
the 32,000 years old Pt. Barrow soil No. Tlk.

It seems possible that urease in such stored and air-dried soils
exists in an oxidized and, therefore, inactive state. Extensive
pretreatment of several old soils with H,S or cysteine, however, d:d not

e

increase the urease activity.
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At atmospheric humidities between 100% and 80% the reaction rate
retained its zero order character for more than 8 hours (Figure ).
The reaction rate in Dublin soil at 100% atmospheric humidity was 68%
of that at the water holding capacity.

The enzymatic behaviour of added crystalline urease on a synthetic
model soil is shown in Figure 5. With increasing amounts of urease
added the apparent activity rate more than doubled: 0.1 pg of added
urease released 0.075 um C02 per gram of synthetic soil per hour from
10 mg Clu-urea present, at the water holding capacity of the soil,
whereas . ug urease released 1.61 um 602 at the same conditions.

During a period of 20 months four of the Hawaiian soils lost
urease activity between 3% and 28% and the activity in Kawaihae soil
increased by 8.5%; the Puerto Rico Nipe clay samples lost their urease
activity by more than 50% (Table V). A:il soils were stored air-dry at

room temperature during the 26 months be:ween the tests.

TARLE V

Urease Activity, CO, um/g/hr.

Sotl Examined July, 1965 Examined Sept., 1967 P;;cggtmEZigge
Lahaina 0.325 0.308 - €%
Mahukona 0.116 0.083 - 26%
Molokai 0.051 0.040 - 22%
Wahiawa 0.159 0.154 - 3%
Kawaihae 0.834 0.905 o+ B5h
Nipe I 0.292 0. 1kb - 51%

Nipe II 0.312 0.113 - 64%
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The activities of native enzymes in soil and of purified enzymes
in solution in vitro are by no means comparable with respect to the
amounts of enzymes present because of the differences in physical and
chemical environment. Nevertheless, some semiquantitative values
regarding the enzymatic content in soils may be estimated. For example,
the enzymatic activity values for one gram of Columbia soil (Table III)
are equivalent to the activity of 140 pg potato acid phosphatase (Pentex,
Inc.), 0.033 ug urease (Worthington, UR), 0.0009 ug dehydrogenase
(Worthington, ADHS, estimated), and O.34 pg catalase (Worthington, CTR,
estimated). The amount of protein based on the bacterial biomass in a

fertile soil is about 100 ug per gram.

Discussion

(1); the published reports are sbundant in contradictory observations and
interpretations. Most of the observations show that the maximal activity
occurs near a neutral pH value and not necessarily at the natural pH of

the soils. In some soils the activity may increase with increasing pH.

It has been noted that phosphatase activity is greater in soils containing
larger amounts of organic matter. This trend is also evident in some

soil samples examined here (Figures 1 and 2). It appears that phosphatase
activities in the stored Hilgard soils reflect the number of microorganisms,
rather than the amount of organic matter present (Figure 3). of course,
generalization is difficult as the organic matter rich soils as a rule

also have significantly higher numbers of microorganisms.
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Perhaps direct correlation cannot be expected. It has been shown
that phosphatase activity in soil is inversely proportional to the
biologically available phosphate: adding inorganic phosphate usually
diminishes it and even in soils rich in organic matter it is associated
with phosphate availability (13).

Our data (Figures 1 and 2) suggest that phosphatase activity may
not be directly correlated with microbial numbers in some soils. The
data are consigtent with previously reported findings (3) indicating
that most of the soil phosphatase is extracellularly bound to the soil
organic matter. It is of interest to note, for example, that there was
no phosphatase (and no urease) activity in the Pt. Barrow soil No. Tlh,
although a large number of microorganisms was recovered. It is likely
that the soil was contaminated while in transit from the source to the
laboratory, as, unfortunately, there were no specific aseptic procedures
attempted during the handling of soil samples by the collecting agency.
The results indicate that the large number of microorganisms present in
this soil did not produce measurable phosphatase (or urease) activity.
The activities were lost during the 32,000 year long burial time in
permafrost.

Most investigators have shown (1) that phosphatase accumulates
as a result of microbial activities in soil, but that the enzymatic
activity does not represent solely the immediate microbial activity.

Dehydrogenases. The measurement of dehydrogenase activity in soil

has been used to obtain correlative information on the biological
activities of microbial populations in soil. Measurable activity may

be obtained without any additions of metabolites, and the results in
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such cases reflect endogeneous respiration (12). Experimental results
have shown repeatedly that the dehydrogenase activity in soil reflects

the metabolic rate rather than the microbial numbers (12)(1L4). Usually

the activity dces not correlate with plate counts in nonamended soils,
but upon the addition of nutrients it increases with increasing microbial
numbers. Generally, cultivated soils exhibit high dehydrogenase activity,
whereas in saline and high pH soils it is considerably lower (15).

A measurable dehydrogenase activity was shown to exist in the
reasonably fresh soils examined (Table III). There was very little or
no dehydrogenase activity in the stored Hilgard Collection soils and
in the old Pt. Barrow soils with the exception of No. I-700; the latter
reflects the high microbial activity in this sample. No other correlation
between dehydrogenase and other factors (organic carbon content, pH, other
enzymatic activities) was evident.

Although Stevenson {14} has reported high rates of dehydrogenase
activity in soils, apparently his data include effects of microbial
proliferation resulting from prolonged incubation periods. Our results
show that incubation of a soil sample with water overnight increases
the microbial count by a factor of three and incubation with triphenyl
tetrazolium chloride by a factor of eight. This increase is accomplished
without addition of any organic matter and under limited oxygen availability.

Urease. Notwithstanding the presently available methods and
apparatus used in the soil respiration studies, there exists a need
for a precise and sensitive method for measuring small amounts of CO2
released from soil during short experimental periods. Often Clh-labeled
compounds (instead of 'cold" organics) may be added to soil and the release

of carbon dioxide may be determined by monitoring the appearance of Clhoz.
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For this purpose a self-contained radioactive gas detection
chamber has been developed in this laboratory {(cf., previous reports).

Specifically, the chamber was designed for the studies of urease

L
activity in soils: C1 -urea —> Clho2 + ammonia, but it may be

adaptable for other types of investigations where Clh - compounds may

be used, e.g.:

Clh-glucose -_> ClhO

2
Clh-humus —_ Clho2 + products

water logged Cluﬂu + products

+ products

Clh-plant residues

By using the above described apparatus for the examination of urea
hydrolysis in soils we have obtained results which show that there exists
a linear Clho2 development rate in all soils for at least 3 hours after
which time a sigmoidal increase of rate indicates microbial proliferation.
The urease activity varies from non-detectable levels in saline soils
(Jarvis Landing, Dumbarton Bridge) and some stored deeper horizon desert
soils (Hilgard 2, and Hilgard 4) to low levels in organic matter poor
agricultural soils (Aiken, Columbia) and some lateritic soils (Molokai)
to very high levels in organic matter rich lateritic type (Kawaihae), or
adobe clay (Dublin).

The maximal activity of urease in most soils is found at pH 6.5
to 7.0. It has been reported that in alkaline soils the activity

decreases considerably and it is especially low in carbonate-rich soils,

apparently because of the detrimental effect of ca't on the urease-producing

organisms (16). We found no activity in the alkali Hilcard Collection
samples No. 9 and 1G, but the alkali (pH 9.k4)carbonate-rich Fresno soil

showed a reasonable level of activity. On the other hand there was no
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activity in highly saline (sodium sulfate and chloride , 10% or more)
but otherwise neutral (pH 6.7, Dumbarton Bridge) or only slightly
alkaline (pH 7.8, Jarvis Landing) soils. There was a measurable
activity in the pH 6.6, 3% saline Ravenswood Point Soil.

Published reports (1) show that urease activity in soils usually
correlates with the numbter of microbes in sgoil, but its increase with
increasing organic-matter content also has been noted; normally soils
with higher organic matter content also have higher numbers of micro-
organisms. Much of urease activity is present in the rhizosphere and
considerable seasonal variations have been observed (1). In soil
fractionation studies the highest urease activity remained associated
with the clay (below 2 u diameter) fraction (17). It is evident that
urease exists in a free state in the soil and it is the only enzyme to
date which has been extracted from soil and characterized (18).

A correlation of organic-m&iter content and microbial numbers in
the diverse soils examined here is not evident (Table I) and our data
indicate that the urease activity may be better correlated with the
organic carbon content than with the number of organisms (Figures 1, 2,
and 3). There was no urease activity in the Pt. Barrow soil No. Tlk,
although a large number of microorganisms was recovered. It is likely
that the organisms proliferated in this soil after its collection and
the exposure to the ambient atmosphere. The results indicate that the
large number of microorganisms present in this soil did not produce
measurable urease activity which was lost during the 32,000 year long
burial time in permafrost. On the other hand, reinvasion of an auto-

claved and urea-amended Dublin soil by microorganisms was clearly
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reflected in the increase of urease activity in this soil (Figure 6).
It is evident that the addition of urea to the soil favored the growth
of ureolytic organisms.

A measurable urease activity was evident ir an organic-matter poor,
8, 715 years old, buried permafrost silt, and a considerable activity
was found also in a 9,550 years old buried permafrost peat.

In.the 60 years old Hilgard Soil Collection samples urease activity
was higher in the surface (0-30 cm) than in the deeper (60-90 cm) layer
(Figure 3). These data probably reflect the ratio of the respective
activities at the time of collection. It is evident that even in a
very little differentiated soil, as in recently collected Nipe I and
Nipe II, the urease activity is lower in a deeper layer as compared to
the surface. The characteristics of phosphatase activity in the Alaska
and Hilgard Collection soils was rather similar to the urease activity,
whereas the dehydrogenase activity reflected the metabolic activities
of the microorganisms present.

Incidentally, the surviving organisms recovered in these soils
belong mostly to the genus Bacillus; besides the sporeformers, a
Pseudomonas sp. and several ''soil diphteroids" have been recovered (19).

An attempt was made to estimate the amount of urease in the tested
soils. For this purpose very small amounts (0.1 to 1 pg per gram of
adsorbent) of crystalline urease were adsorbed on a "synthetic soil",
e.g., kaolinite-celite mixture. The relative urease activity, however,
did not follow linearily to the amount adsorbed on the kaolinite-celite
mixture. The apparent urease activity increased with increasing amounts
of urease adsorbed (Figure 5). The mechanism for such behaviour is not

clear. It might be possible, for example, that the strongly adsorbing
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sites are covered first and that such an action has certain denaturing
effects, or that an inhibitor present in the system might be selectively
adsorbed by the enzyme.

Urease activity in soils below 100% relative humidity reflected
the same characteristics as pure urease in the same conditions (20),
i.e., the activity response followed the water vapor adsorpticn
isotherm by urease, except that the rates had a lower magnitude

(Figure 7). These results indicate that considerable amounts cf urea

may be hydrolized in "air dry" field soils.
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/
B. ADSORPTION AND REACTIONS OF CHITINASE AND LYSOZYME ON CHITIN.

The currently reported phase of the investigation of chitinase and
lysozyme activity in adsorbed state on chitin is a continuation of the
previously described project under the same title (19,25,26,27) on
enzyme kinetics in structurally restricted systems.

It is known that the addition of Ca++ during the process of
purification shows preserving and stabilizing effect on some enzyme
activities. For example, use of Ca++ in elastase extraction (30) and
the markedly increased pH and thermal stabilities of proteolytic enzymes
in presence of Ca++. Ca++ ions have a role in determining the electro-
kinetic potential of the colloidal substrate particles (2) and thus
increasing the enzymatic reaction rate (16). We have examined the
effect of Ca++ on the chitin-chitinase system.

Adsorption of proteins on Ca-phosphate is respondi
changes in pH and to buffer salt concentrations, and the adsorbed protein
may be released easily and gradually by changing the conditions in the
column (28).

Ca-phosphate gel and hydroxylapatite has been used in many separations
of enzymes, including the separation of Aspergillus niger chitinases (20).
We have explored the use of Ca-phosphate gel for further purification of
streptomycete 2B chitinase. Similarly, celite, polyacrylamide gels,
CM-cellulose and hydroxylapatite gel were further evaluated for column
chromatographic purification. Also, the conditions for sorption of
chitinase, lysozyme and ribonuclease on chitin and the effect of né**,

co™ and Zn'' ions on chitinase activity were investigated further.




Materials and Methods

Most of the materials and methods have been described in the

previous reports (19,25,26,27).

Dispersed chitin. Prepared as described (19).

Cnitinase (19) was obtained from the streptomycete strain 2B. The
DEAE-cellulose purified preparations were fractionated through Sephadex
G-50 (coarse) column and the aliquots containing the first eluted peak

of chitinase activity were collected and uscd for adsorption and activity

experiments.

Lysozyme - 2 X crystallized (Lot 597, Worthington Biochem. Corp.,

Freehold, N.J.).

Ribonuclease - Cryst., salt free, Lot R 541 and cryst. from EtOH,

Lot R 568-9 from Worthington Biochem. Crop., Freehold, N.J.

Absorptivity (extinction coefficient). Following values were used:

Chitinase - Aggéml = 1.10 (19)
Lysozyme - A;géml = 2.64 (9,18)
mg/ml

Ribonuclease - A280 = 0.734 (23)

Chitinase and lysozyme activities were based on the amount of the released

N-acetylglucosamine, as determined by the DMAB method (19,24).

Proteinase activity was determined by using a modification (12,31) of Kunitz's

method (15).

Reagents:
1. 0.6% casein solution, pH T7.2: isoelectric casein (Difco Laboratories)
was dissolved in slightly alkaline water. KOH was added to pH 6.4 and

the solution was adjusted to pH 7.2 with 1.0 M HBPOh and filtered.
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2. TCA solution (12}: 0.11 M cc13coeu, 0.22 M cujcooNa, 0.33 M c113coou.

Prucedure:

Mix 5.0 ml of casein solution with 1.0 ml of sample. Upon incubation
for 10 min. on Ferris w! 2-i at 300, 5.0 ml of TCA solution was added
ard similarly incuiated tor 30 min. The resultiag precipitate was removed

ty .iitration ard the alsorbtivity of the superniatant was measurasd at 275 mu.

Micro-cel, a synthetic Ca silicate (Johns Manville Co.).

Trrticle size < U.l .. surface area 175-200 mclg.
Celite - diatomaceous silica product (Johns Manville Co. ).

DEAE cellulose, CM cellnrlose, Polyacrylamide gels (Bio vel P-15C and Bic Gel P-BOO);

Hydroxylapatite gel 'E.o Gel HT) were obtained from Bio-Rad Laboratories,
Richmond, California. According to the manufacturer, Rio Gel HT was
prepared by the method of Keilin and Hartree (Proc. Roy. Soc. London,

Ser. 8, 12k, 397 [1938]).

Electrophoresis apparatus - Research Specialities Co., model no. 1LOC.

Total distance along paper strip between the levels of buffer was i8 cm.
For each run two 5 x 17 cm oxoid cellulose acetate strips were used
with two 11 cm wide Whatman No. 1 filter paper wicks. Distance between

wicks: 15.0 ecm. Voltages applied: 400 to 600 v.

Barbital (veronal) buffer was prepared according to Cramer and Tiselius (6):
1.84 g diethylbarbituric acid and 10.30 g sodium barbita. were dissolved
in water to make 1 liter. The ionic strength of this buffer was 0.05.

Thé tH of the buffer was zdjusted to pH 8.6 wich NaOH.

Ti .s-EDTA-borate buffer (1): 60.5 g Tris, ©.0 g EDTA, anc L.6 g {.ric acid

were dissolved in 1 liter water. The pH of the buffer was 8.9 and

conductivity 3.0 mmhos.



Sodium phosphate buffer, 0.033 M, was used in electrophoresis at various

pH values.

Ponceau S stain, 0.2% in 3% aqueous TCA, used with 200 pg or more protein

applied to the electrcphoresis strip.

Chitinase - purified streptomycete 2B chitinase, lyophilized and dissolved
in distilled water was used in all electrophoresis experiments.

A sample of purified streptomycete 2B chitinase was extensively
dialysed in cold against distilled water and divided in two parts. To
one part diluted CaCl2 solution was added, calculated to add 0.0204 mg
CaCl2 per 1.0 mg of enzyme protein. Both chitinase solutions were
lyophilized and kert at 2°.

The following procedure was used for elution of proteins from
electrophoresis strips. The sample was applied across the strip leaving
about 4 mm clear margins at edges. After the run a 8-10 mm wide marginal
strip was cut off and stained. The protein bonds on the remaining strip
were cut out according to the spots on the marginal strip and immersed in
3.0 ml, 0.05 M, Na acetate buffer, pH 7.0, in screw cap tubes and placed

in a refrigeratoer overnight.

Electrophoresis. 20 to 200 pg of protein in 0.02 ml distilled water were

applied on each strip. The average duration of each run was 1 hour 40
minutes.

Cooled buffer was used and a tray with crushed ice was placed inside
the apparatus beneath the strip-supporting board and the appaiaiu: was

s

o]
placed in a refrigera“or at ¢ .
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Results and Discussion

Effect of Mg++, Zn' " and Co " ions on chitinase activity (Table VI).

Various concentraiions of Mg, Zn and Co-chloride salts were
added to reaction mixtures. Depending on the amount added they changed the
pH and interfered with CMAB color reaction. As a check parallel series
were run without the enzyme but with a known amount of N-acetylglucosamine
added and the pH was checked and adjusted to 4.2 after adding borate
buffer. All results were corrected for corresponding blanks. From thre
three cations tested. :7;+ was the most inhibitory while the presence of
Co++ and er-+ in concentrations below 0.001 M had an activating effect.
In concentrations up to 0.2 M the sequence, with respect to inhitition,
was as follows: Mg++ >co' " >zt

Under the same conditions but without chitinase present Mg++

was not adsorbed in detectable amounts on chitin in concentrations from

0.0001 M to 1.0 M.

The adsorption of lysozvme., chitinase and ribonuclease on chitin.

Cherkasov et al. (7) reported that practically no lysozyme was
adsorbed on chitin in distilled water, and likewise it was not adsorbed in
0.1 and 1.0 M urea solutions and in 0.1 and 0.5 M ethanol solutions.

Using distilled-water-dialyzed lysozyme and chitinase solutions,
and similarly dialysed chitin suspension, the adsorption characteristics
of both enzymes on chitin were compared and gave the following results.
Adsorption time for chitinase was 1 min. at 0°, but for lysozyme 20 min. at
250. Due to the Ligh activity chitinase was not tested at 250. The pH

of the reaction mixturns was 7.0 in all cases. Instead of a buff.r,



++
i ifect of Mz 7, Zn++

c1 ch.tinase activity (added #s chlorides)

TABLE VI

R
an:! Co

Molarity of the sa.i¢ in
0.03 M Na-acetat: nuiter

Relative activity, in %,

with added ions

pH 5.5 H§++ et 7
none 100 100 10¢
0.0001 100 98 102
0.0002 * 100 *

0.0005 * 105 *

0.001 99 106 102
0.002 * 101 *

0.005 * 97 99
0.01 83 93 95
0.02 * 92 92
0.05 34 8y 89
0.1 29 69 to'e
0.2 27 33 8L
0.5 * * 73

* - not determined.

nz.
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sclutions of NaCl in gla.s distilled water we = used. .in agreemen: with
sreviously obtained r-~s.'t~ {25) the amouni zf chit;iase adsorted was

the same in distilled water as in 0.00001 M t. (J.2 M NaCl solutions, and,
as expected, lysozyme {. ilistilled water was nct adsorbed. With O.16
mg/ml lysozyme and :.0 mg/ml chitin present an increasing quantity of
lysozyme was adsorbed in solutions containing 0.0001 to 0.001 M NaCl.

in 0.01 M NaCl solution the same amount was adsorbed as in 0.1 M and

0.2 M NaCl solutions (or the difference was within limits of a possible
error, = 5 ug/ml.

Previous work indicated (25) that the desorption of lysozyme
from chitin showed a "hysteresis" pattarn. Experiments with chitinase
showed that the desorption of chitinase from chitin followed a similar
"hysteresis' pattcrn (Figure 8).

McLaren (18) used ethylamine HCl to desorb proteins from -lays.
Lysozyme could be eluted from kaolinite without loss of activity. Our
results showed that ethylamine desorbs lysozyme from chitin at pH 1C.
After washing the same chitin adscrbed new lysozyme in the same wei
ratio.

All attempts to adsorb ribonuclease on chitin failed. Expo.iments
were carried out at 250. From 0.16 to O.4l4 mg/ml of ribonucleas2 was
incubated for 17-20 minutes with 0.25 to 1.C =mg/mi chitin. The 1-s%s
were performed in 0.03 M Na-phosphate buffer and in universal bufie: at
pH range from 2 t . Ir another series 0.006 M solutions of Na-i.i.csphate,
Na-acetate and NeCl, ani 'niversal huffer at pH from 7 to 9 ware uc :d.
There was no adsorption c. ribonucleese on chitin in either case.

The sorbtive characteristics oi ;hitinawe, lysozyme are summariced

in Table VII.



9.

LNISIUs AITLON TLAENT  jur adf &

T

Do oof oo \.ku\

P wid A oot agmd -
£ HS  wE00  YIwng iszov - sLvsosONS oM e
.0 SO TA Y oA \

\ 00/ 1

WI/TIN 4 NOILYIUNFZNOD FWATNT fo 12747
WILInD woif FSUNILIES fo Nojidbosi

8 MNUId

e woi’ fp/

£4

T AL,

QIFOSTY ANIFLONS



120.

uotidxospy ON asegaronuoqly
*paqIospe junoug WES
- IDBN K 2°0 ©3 10°0
uyseaaduyr - [DEN *6 Hd 3® wnuixBW
W 100°0 ©31 1000°0 ‘3918a 16 03 € Hd woag
juasaag payoeay *381p ur uorjdiospe oN sasgaaoul uorjdacspy sulzo084]
*SUOTIBIJUIOUOD UOT JO
28us1 3pTM B pup 133BM ‘g 03 G Hd 3@
*318IpP UI 8QqIO8pe junowe paqaospe jsouw fwWhmyxeu
JUON payoeax 3ION swes aYyl °3Id9332 ON uorjydaospe 1BaTO ON 3sVUTITYD
uotidiosap snoaurjuodg uojlevINlevsg uoT3IBIIUIOUVOD UOT JO 393337 Hd Jo 309333
uyITy) Uo I8BITONUOQTIY pur dWAZOSAT ‘aseullTy) JO uorldiog
IIA TI9VL
L3 » - Ve



The adsorption of proteins on chitin has been studied by Hackman (1
who investigated effects of pH, ion concentraticn, and temperature on
adsorption of water-soluble insect cuticular protein to chitin. Results
indicated that adsorptionwas dependent on pH, the highest amount was
adsorbed at the isoelectric point of the protein. Increase in ion
concentration decreased adsorption, but changes in temperature had little
effect. Tyrosine-rich protein fractions were preferentially adsorbed.
Adsorption was partly !rreversible and an increase to pH 9 was necessary
before all the adsorbed protein was removed. It was concluded that
there was only a weak bonding between chitin and water-soluble insect
cuticular protein. In a further work Hackman (10) pointed out that
tyrosine, as well as free (-amino groups appeared important in the

binding of N-acetyl-D-glucosamine by insect cuticular proteins.

Adsorption of chitinase on celite and micro-cel.

Various clays, metallic oxides, silicates and other substances were
tested by Berger (3) and Berger and Reynolds (5) in attempts to adsorp
selectively either chitinase or chitobiase. Between pH 5 and pH 7
part of the protein was adsorbed on '"magnesol" (a preparation of Mg
oxide - Westvaco Corp.). The activity was partly eluted at pH 12 to 1k,
but the ratio of the activities remained the same. The enzyme system
was irreversibly adsorbed to "florex'", a purified clay, and reversibiy
adsorbed in Zn hydroxide gels.

Celite. a diatomaceous silica product is used as a filter-aid in
the preparation cf ammonium sulfate precipitated chitinase. Exrceriments
at 250 and with an incutation time ¢{ 30 min. showed that chitinzece was

adsorbed on celite and that adsorption was strongly pH dependent. ihe

121.
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adsorption was about 1/3 of maximum at pH 7 and the highest at pH k.
Reaction mixture contained 0.005 M Tris and 0.001 M Ca-acetate made

to the desired pH by adding 0.01 M acetic acid (Figure 9). Chitinase
could be desorbed from celite by pH or concentration gradient. However,
celite columns did not separate streptomycete 2B chitinase in distinct
»~aks or in usable -~ .:as of proteinase and chiticas= activities. As
eluants 1) 0.005 M Tris and 0.001 M Ca-acetate buffer, pH 7, 2) 0.005 M
Na-acetate, 0.001 M Ca-acetate, 0.001 M Ca-acetate,pH 5 to 7,and 3)
0.005 M Tris, 0.001 M Ca-acetate, pH 8 to 9 were used.

Results of 2 experiments are shown in figures 10 and 11.

Micro-cel, an arti‘ical Ca-silicate, is another filter aid.
Chitinase adsorbs on it in large amounts and it was not possible tc desorb
1t without a nearly complete loss of activity. Fractionated on a micro-
cel column, chitinase shcwed some peaks of proteins and peaks of chitinase
and proteinase activities, but a workable separation was not achieved.
Proteinase activity was more stable than chitinase activity. Resuits

are presented in figures 12 and 13.

Fractionation on CM-cellulose and hvdroxylapatite columms.

Tsuru et al. (31) used CM-cellulose column and 0.001 M Tris-maleate,
0.002 Ca-acetate buffer at pH 6.4 in purification of B. subtilis p:cteinase.

It was hoped that proteinase activity from streptomycete chiiinase
may be adsorbed and retained in CM~cellulose column. However, the
chitinase and croteinase activities of the streptomycete 2B chitinase
preparation were not separated; 0.0l M Na-acetate, 0.001 M Ca-ac=cate.

pH 6.4, was used as an eluant.
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Hydroxylapatite has been widely used in enzyme work. SHrbo (2b)
investigated the aus>rriicn of proteins on Ca-phosghate. In general,
maximum adsorption wa: sbserved at the isoelectiic noint and at a
comparatively low icni: strength. When ionic strength was increased
by addition of phosphate adsorption was diminished and a shift of the
porint of maximum adsc wption to the acid side of isocelectric point occured.
On addition of NaCl the adsorption decreased.

Otakara (20, -cparated chitobiase and chitinase activities in

Aspergillus nigcr critinase by using hydroxyiapatite gel.

A separation of purified streptomycete 2B chitini#se on hydroxylapatite
column was successiul: two activity peaks emerge:. The first pe~k had
about 2 times higher chitinase activity and about 5 times higher
proteinase activity as compared with the second peck. Results are

shown in Figure lk. The nature of both fractions are being investigated.

Electrophoretic properties of streptomycete 2B chitinase.

Streptomyces 2B chitinase was separated on cellulose acetate
strips in three separate bands, which are moving toward the cathode at
pH 8.6 in vercnal buffer (6) or at pH 8.9 in Tris-EDTA-boric acid
buffer (1). Chitinase activity was extracted from the fastest moving
band, from sample with ca't added. No activity was extracted from the
parallel run strip, where the chitinase preparation did not contain
calcium chloride.

In a Tris-EDTA-boric acid buffer, pH 5.5 (adjusted with HC1l) the
chitinase moved toward anode but did not separate. There was no
movement in a 0.033 M Na phosphate buffer at pH 6.7-7.0 but a 2~ to

4-fold widening of the spot was observed.
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At more acid pH values of the Na-phosphate buffer the mobility of
chitinase protein was reversed: it moved toward cathode again, with a

considerable widenin; of spot but without any clear separation.

Purification of chitinases.

Chitinases are widely distributed in nature: bacteria, plants and
animals, including mammals, are known to produce chitinases. Depending
on the source the extracted chitinase actually is a chitinolytic enzyme
system containing in most cases chitobiase, more ths:. cne chitinase and
related enzymes. The homogeneity and purity of the obtained enzyme
depend not only on the source of enzyme but also on every detail in
purification procedures. Chitinase may also have an activity of another
enzyme, for example, chitinase activity of lysozymc (U4).

Takeda et al. reported (29) that two enzyme fractions obtained

from Helix pomatia digestive juice were free of proteinase activity and

did not show any contamination on electrophoresis. First fraction

(M.W. 21,000) had lysozyme and chitinase activities. Second fraction

(M.w. 24,000) had lysozyme activity with little or nc chitinase activity.
Chitinase preparations from cockroaches, been seeds, and the puff

balls were acting on cell walls of Micrococcus lysodeicticus, behaving

similarly to lysozymes (22).

It seems that Streptomyces antibioticus chitinase is the only one

that has been highly purified in sufficiently larg~ quantities to obtain
detailed data on its physical and chemical properties (13). It has been
shown to be homogeneous in the ultracentrifuge and in solubiiity tests
in ethanol and ammonium sulphate, and the preparation was devoid of any

trace of other enzymes (chitobiase, amylase, cellulase, proteolytic
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enzymes ). It separated, however, in three distinct fractions migrating
to the cathode at pH 8.2 in a veronal-HCl buffezr. O:her data given

for St. antibioticus chitinase: a single 1bsorpticn band at 280 myu;

Eggéml = 1.2L4; Sedimentation constart: 3.42 Svedierg units; M.W. = 30,000;

Michaelis constant: ...0G10 - 0,011 (g/100 ml).

Streptomycete 2B chitinase was always obtained frim the same strain of

m croorganisms and by the same method of prepdrati:u. Thereiore it is
assumed that all iu.s 2f (i itinase used in 7= ious experiments did have
the same prorerties and chiracteristics. .0 preparation of the
streptomycete 2B chitinase is a heterogenous mixiure of at least three
proteins as shown by electrophoresis; in this respect it behaves like
St. antibioticus chitinase. Also the lack of a sharp pH adsorption peak
on chitin may be caused by the same reason. Our streptomycete 2B
chitinase possesées proteinase activity, which could presumably Lo
separated by improved methods.

Most of the properties and characteristics of chitinases havs
been investigated by working with crude and with partially purified
enzymes, and only in few cases highly purified chitinases have been

used (13,20,24).

Ammonium sulphate precipitation of the crude enzyme should be done in

cold. The sedimented protein should be dissolvad in a cool buffer
immediately as any exposure to air (oxygen) is harmful (8). Ammonium
sulphate from chitinase solutions can be removed by dialysis in cold:

to the chitinase solution, pH 7, some drops of O0.01 M CaCl2 or Ca-acetate
are added and then dialyzed against 0,005 M Tris or Na-acetate and 0.001 M

4
Ca acetate solution adjusted to pH 7.0. It is important to have Ca
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in the chitinase s¢iuii:a as well as in ths huffer scluticn outside the
dialyzing tube t. :.cii ioss of activity.

Saturation ¢{ s.reptomycete culture filtrat: 1o .,.7 with ammonium
sulfate at pH 5.0 did not precipitate chitobiase and precipitated only
about 25% of chitinase. The same saturation at pH 7.0 yielded both

chitinases in fuil quartity (5). To obtain puve Straptomyces antibiot:~s

chitinase Jeunianx (i3) urad an extensive amwonium .uiphate precipitaticu
cycle folldwing adsorntion and desorption ifrom chitin. The final
precipitate was obtained between 0.3 and (.5 ammonium sulphate saturatia:
at 0° and pH 5.2.

Skujins et al. (24) obtained a highly active enzyme, chitinase,
from streptomyces culture filtrates at pH 5.5 and 0.9 saturation.

Lloyd et al. (17) saturated pervaporated culture filtratss to
0.7 at pH 7.0. Powning and Irzykiewicz (21) added a cold saturated
ammonium sulphate solution, pH 4.5 to a raw chitinase extract of
plant origin; 0.5 final saturation.

Otakara (20) investigated the effect of ammonium sul

phate saturation
with respect to amount of chitobiase and chitinase precipitated in

Aspergillus niger culture filtrates (Table VIII).

TABLE VIII
Ammonium sulfate Percent of total activity precipitated
saturation chitinase chitobiase
0 - 0.3 2 L
0 - 0.% 53 2C
0 - 0.5 86 60
0 - 0.6 90 95
O - 0.7 g2 96
0 - 0.8 Gag o7




At 0.7 saturatior % % of the chitinase activity was precipitated
which was in agreemcnt w1th the results of Berger and Reyaolds (5).

The extended s2turation range for precipitation as well as
differences in saturation and pH for chitobiase and chitinase precipitation
shows the heterogeneous i.ature of chitinases in raw material.

More chitins=~ acilivity was precipitated from streptom.cate 2B
culture filtrates at C.7 saturation and pH ;.0 than at 0.85 saturation
and pH 5.5. After purificaticn on DEAE-celiulose and sephadex, there
was no difference ir activity between chitinases from both prccipitates,

expressed for a unit weight of protein.

Ethanol precipitati n, as a simple and reliable one, was prefered by

Lloyd et al. (17). Cold {-15°) ethanol was slowly added to ~hiiled
pervaporated streptomyces culture filtrate, adjusted to pH 3.5 to
give a final concentration of 70% ethanol. The precipitate was
immediately collected by centrifugation and redissolvad in a minimum
volume of 0.005 M phosphate buffer, pH 6.8, and dialyzed against a
large volume of cold buiifer.

The method worked well with streptomvces 2B culture filtrates. The
activity of chitinase was not affected when all the work was done in

the cold room with properly cooled (-18°) ethanol.

Ca-acetate precipitation. Addition of Ca-acetate as a powder or as

a cold concentration solution to cooled culture filtrate (pH 7.65), to
make 0.02 M - 0.03 M saturation caused a slight drop of pH and an
appearance of a fluffy and threadlike precipitate. The dialvzed
precipitate showed a very high groteinase activity and a presence . f

chitinase. However, the remaining Ca-acetate in culture filtrates
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interfered with a subsecusnt ammonium sulphate psrecipicition and the
possibilities of C¢-acetate precipitation to separate jroteinase and

chitinase activities was ~ot investigated furthe:.

Column chromatography and separation methods based on molecular sieving

may be used as the next :tep in purification o:i chitinases.
Amberlite CG-50 ion exchang: resin has been used as or= of the final

steps in obtaining 2 enzyme fractions from Helix pomatia digestive juice

(29). Although free of proteinase activity, the first fraction showed
lysozyme and chitinase~ activities and the second fraction - lysozyme
activity with little cr no chitinase activity. Both fractions showed
only little contamination on elecirophoresis and their mciccalar weights
were 21,000 and 24,000 respectively.

DEAE-cellulose column and the use of 0.01 M Na-phosphate buffer at
pH 8.4, separated the streptomycete chitinase of :any proteins and
pigmented substances (24). Dialyzed 50% ammonium sulphate fraction of
been chitinase applied to a DEAE-cellulose column in 0.005 M citrate
buffer at pH 6.0 was separated in two distinct £racticns (£1): zero to
1 M NaCl gradient yielded an acetylglucosaminidase fraction. Chitinase
is only weakly adsorbed on DEAE-cellulose. Therefore the purification
is based mostly on the retention of the other proteins in column. The
procedure requires use of low ionic strength buffers and dilute chitinase
solutions. Even small volumes of raw ckitinase solutions (adjusted to
pH 8.4 with 1 M HBPOu) show a pH drop to 8.2 after pa:ssing through the
column, and some proteins and colored compounds are not retained in the
column any longer. It was found that purification eof strz-:-zycete 2B

chitinase on DEAE-cellulose at pH 8.9 was more effective than at pH 8.L4;
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chitinase activity did not suffer and the colored compounds remained in the
column. Chitinase, pur:ised at pH 8.9 on DEAE-zellulose did not show
the second activity peak when fractionated furinci = Sephadex G-30
(coarse) indicating taat -sre hormc geneous preparaiicn mayv be obtained
at pH 8.9 than at pHE ¢.4 although some chitina-:z msy be retained in
this column. On.: dialyzed chitinase solutions are suited for use on
DEAE-cellulose as the presence of ammonium sulfate rapidly exhausts
the ion exchange cavacity cf column.

Polyacrylamice zel orcved to be quit2 usefui in the purificaticn
of chitinase: alout z/3 of proteinase activity with 1/2 of the
protein can be separated firom chitinase on Bio-gel P-1.0, with a loss
of only 1/3 of chitinase activity (Figure 15). As an eluant 0.005 M
Tris and 0.001 M Ca-acetate, pH 7.0 were used. Separation of proteinase
and chitinase activities on Bio-gel P-300 was less effective. Bio-gel
P-30 has been used as first step in separation of lytic enzymes in

digestive juice of Helix pcmatia (29).

Hydroxylapatite gel was used successfully by Otakara {20) in
separating chitobiase and chitinase activities in Aspergillus niger
chitinase; 0.0001 M to 0.2 M phosphate buffer, pH 6.8, was applied.
Streptomycete 2B chkitinase - after purification on DEAE-cellulose and
on Sephadex - was separated in two activity peaks on the hydroxylapatite
gel using 0.001 M to 0.2 M Na-yhosphate buffer, pH 6.8 - 7.2. The
first peak shows stout two times higher chitinase activity znd aiout

5 times higher proteinase activity than the second peak.

Electrophoresis is a very useful technique to investigate the homc-

geneity of chitinase.
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Berger and Rey .c.ds (5) used zone electropr:«resis on starch beds

at pH 6.3 and separated Streptomyces griseus chitinase in ¢ chitinases

and & chitobiase.

Jeuniaux (13) cculd separate Streptrm-.~c aa.ibioticas chitinase

in three distinct chitinolytic fractions, whicn migratad to the
¢cthode in veronal, pH &.¢, buffer.

Streptemycete 2B chitinase also separat:{ in tliree fractions
moving toward the caincde. Cellulose acetet. .iii:c and Trie (1) and

veronal (6} tuffers at pk £.6 and pH 8.9 we.c used.

Adsorption of chitiiiase on chitin for purification purpose was .cnsiczorad

by Berger (3). The idea was dismissed becruse of difficulties in
desorbing chi.inase from the chitin.

Jeuniaux (13) successfully adsorbed Streptomyces antibioticus

chitinase from its culture filtrates on coiloidal chitin at pH 5.2 aand Oo.
Chitin, with the chitinase adsorbed, was sedimented and washed with cold
0.02 M citric acid NaEHPOh buffer, pH 5.2. The sedimented chitin-chitinase
material was hydrolized at 36c and chitinase was precipitated with
ammonium sulfate.

Lloyd et al. (17) used a modification cf the procedure descrilbed

by Jeuniaux and obtained chitinase with a very high specific activity.

Adsorption on bauxite (crude aluminum oxide) was first used for the

separation of chitinase and emulsion of Heiix pomatia digestive juice

by Zechmeister, Toth and Balint (32,33}. Bauxite selectivelr sdsorbed

chitobiase frc: c<hitinase sol:ition, but desorption was not paoscible (5).



Summary

The stabilizing =tfect of Cé++ ion on chitinas: activity was found
to be of practical va‘ue in purification prncedures 1.2 influence on
activity of Mg++, 72" 2.1 Co' ' ioms also wa: cvan. iac.

Attempts to ad:o.b ribonuclease on chitin gu': negative resul:s.

It was shown tha: i.. desorption of chitinase from chitin followed
similar"hysteresis“pattern as for lysozyme.

Electrophoretic properties of streptomycete 2B chitinase were
examined and compared with those of other streptomycete strains (reported
in literature).

The streptomycete ZB chitinase preparacions showed considerable
proteinase activity. Celite and artificial Ca-silicate filter-aids,
CM-cellulose and hydroxylapatite gel columns were examined for the
use in further purification of chitinase- Hydroxylapatite gel column
separated streptomyces 2B chitinase in 2 fractions, but both of them
showed chitinase and protinase activities. With respect to the unit
weight of protein, the ratio of chitinase activity to prc.einase activity

was 4.5:2 and 2.1:0.4, respectively.



139.

References

(1) Aronsson, T. sad A. Gr#nwall. Scand. J. Ciin. and Lab. Invest.,
9, 338 (1557); 1Ibid, 10, 38 (1955).
{2) Bangham, A.  »u.i R.M.C. Dawson. Biochim. i hys. Acta, 59,
103 (1962).
() Berger, i... Pr... thesis. Univ. of Calif., Davis, Sept. 1957.
(4) Berger, L.R. and ».3. Weiser. Biochim. Biophys. Acta, 26, 517 (1957).
(5) Berger, L.R. and D.M. Re nolds. Biockim. Biophys. Acta, 29, 522
(1958).
(€) Cramer, H.D. and A. Tiselius. Biochem. 2., 320, 273 (1950).
(7) Cherkascv, T1.A., N.A. Kravchenko, E.D. Kaverzneva. Dok:. Akad.
Nauk SSSR, 170, 213 (1960).
(8) Dandrifosse, G. and E. Schoffeniels. Arch. Intern. Physiol.
Biochim., 71, 788 (1963).
(9) Fromageot, C. and G. Schnek. Biochim. Biophys. Acta, 6, 113 (1952).
(10) Hackman, R.H. Australian J. Biol. Sci. 3, 83 (1955).
(11) Hackman, R.H. Australian J. Biol. Sci., 8, 530 {1955).
(12) Hagihara, B., H. Matsubara, M. Nakai and K. Okunuki. J. Biochem
(Tokyo), 45, 185 (1958).
(13) Jeuniaux, C. Arck. Intern. Physiol. Biochim. 6k, 522 (1956);
Ibid, €5, 135 (1957); Ibid, 66. 408 (1958); Ibid, 67, 597 (195%);
Biochem. J., 66, 29 P (1957); Chitine et Chitinolyse, Masscn et
Cie, Paris, 1963; uvuitinases, in: Methods in Enzymology, vol. &,
pp. o44-650, Academic Press, N.Y., 19o0b.
(14) Kaewasaki, C., Y. Ito and G. Kurata. J. of Fermentation Technology
(Japan), Lz, 212 (196k).

(15) Kunitz, M. J. Gen. Physisl., 30, 291 (1947).



(16)
(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)
(29)

(30)

Kurioka, S. and
Lloyd, A.B., R.
71 {1965 ).

McLaren, A.D.

McLaren, A.D. a

Space Sciarr . .

January 1k, 1

P.V. Liu. Appl. Microbiol. 15, 551 {1967).

L. I"varoske and J.L. Lockwcad. Phytopath. 22>

J. thys. Chem., 58, 129 (1954).
nc¢ J.J. Skujins. Third Semiannual Progress Report,
uaberatory, Universit of California, Berkeley,

GUSh.  NASA-CR-70058.

Otakara, A. Agr. Biol. Chem. (Tokyo), 27, 5L (1963).

Powning, R.F. a
(1965).

Powning, R.F. a

Shugar, D. Bio

Skujins, J.J.,

nd H. Irzykiewicz. Comn. Biocaem. Physiol. 4, 127

0.

nd H. Irzykiewicz. J. Insect. Physiol, 13, 1293 (15.7).

chem. J., 52, 142 (1952).

H.J. Potgieter and M. Alexander. Arch. Biochem.

Biophys., 111, 358 (1965).

Skujins, J.J. a

Space Science

July 12, 1960;

Skujins; J.J. a
Space Science
January 12, 1

Skujins, J.J. a
Space Science
July 1k, 1967

S8rbo, B. Acta

nd McLaren, A.D. Fourth Semiannual Progress Report
s Laboratory, University of Californi., B~rkeley,
nd McLaren, A.D. Fifth Semiannual Progress Report,
s Laboratory, University of California, Berkeley,
967; NASA-CR-829L4k.

nd A D. Mclaren. Sixth Semianrual Progress Repcrt,
s Laboratory, University of California, Berkeley,

; NASA-CR-

. Chem. Scand., 15, 1391 (1961).

Takeda, H., G.A. Strasdine, D.R. Whitaker and C. Roy. Canadian J.

Biochem., Lk,

Thuillier, Y.

509 (19¢5).

C.A. 67. 102772-d (1967); Brit. patent 1,076,776.

1



N\
(31) Tsuru, D., T. Yamamoto and J. Fukumoto. Agr. Bici. Chen.
! (Tokyo), 30, 1 (1966).
(32) Zechmeister, 1 , G. Toth and M. Balint. Enzymologia, 5, 302
(1938).
(33) Zechmeister. i :ad . Toth. Naturwissenschaiten, 27, 357 (1939).
)
1



2.

C. S'DY OF ORGANIC-MATTER-EXIAUSTED SOILS

.

Jenkinson (i) foliowed tne mineralization of oviganic carbon in
soils after repeated treatments consisting of a partial sterilization
by heating or by chlorofor: vapor followed by‘inoculation with scil
organisms., Witlh su'cessi « treatments the amouat of organic carbon
mineralized gradually decreased but even at «: :ive treatments less
than five per cen. 5f the total organic carbown i.iad been mineraliized,
indicating that a iarge portion of the organic carbon consisted of
material that was not degradable by microbial action nor was rendered
susceptible to microbial degradation by the treatments used.

We have initiated a study to determine whether this resistant
organic matter contained any enzymatic activity; that is, whether
enzymes from microorganisms or plant residues in the soil can enter
this resistant fraction and remain insusceptible to the denaturing
effects of microbial activity, of natural phenomena such as drying,
heating, etc., or of sterilizing agents such as chloroform.

It is important to differentiate between enzymatic activi:y
residing in this resistant fraction and the activity arising from the
microorganisms in the soil or from material susceptible to microbial
degradation. Therefore, tne microbial content of the soil and the
treatments themselves had to be studied in detail to determine their
effect on the enzymatic activity of the soil. The hydrolysis of urea
to ammonia and carbon dioxide by ureases was chosen as the enzymatic

activity to be followed.
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Materials and Methods

Soils: The soils were obtained from Dr. D.S. Jenkinson, Rothamsied
Experiment Station, En:land, and they were ihe ones used in his
experiments (1); they h~d the code letter "c". We used a sample of
untreated '"c'" soil and a sample of 'c¢" soil which had undergone five
treatments of chloroform sterilization, inoculation, remoistening and
incubation, the fifth trcatment followed by a final inoculation,
incubation for ten days and drying. These two soil samples were
designated ''untreated" and '"treated" respectively.

Soil dilution: About 120 mg of soil is weighed into a sterilu metal-

capped test tube, 5.0 ml sterile water is added, and the tube let
stand undisturbed for 15 minutes to wet the soil. The contents are
then mixed thoroughly. The tube is allowed to stand about 15 sec. to
let the heavier particles settle and the supernatant suspension is
used to make dilutions or is pasﬁeurized. All dilutions are made in
sterile water using sterile pipets.

Pasteurization: The supernatant suspension of the soil is carefully

placed in the bottom of a sterile metal-capped test tube to avoid

N

wetting the'sides. The tubes are heated in a boiling water bath for
five minutes and then cooled immediately in ice water. The tube is
shaken vigorously before making dilutions.

Plating procedure: A medium of 0.01% Difco Bacto-peptone, 0.01%

Difco yeast extract, 0.05% KH,PO,, and 0.02% MgSO,.TH,0 in tap water
is adjusted to pH 7.0 with NaOH. Difco agar is added to 1.5%. The
medium is sterilizcd 15 minutes at 120°C and then cooled to u5°¢.
1.0 ml of inoculum is added to a petri dish, then about 20 ml of the
nutrient agar is added. The dish is rocked to mix the inoculum with

the agar. After the agar has set the plates are incubated at room

temperature for ten days.

13.



Results and Discussion

The initial tests on the soil '"c¢'" show the following results:

untreated treated
organisms/g 2.5 x 106 2.5 x 107
spores/g 1.5 x 10“ 4.0 x 106
urease activity, Acpm/m 4,0 0.7

The untreated soil contained one spore per 167 organisms and the
treated soil contained one spore per 6.25 organisms; that is, the ratio
of spores to total organisms in the treated soil was about 27 times
that of the untreated soil. The reason for this is obscure. The
exact treatments which these soil samples have undergone is unknown.
Perhaps the chloroform treatments provide a selective advantage for
the growth of spore-forming microorganisms. If this is true and the
spores are chloroform-resistant as well as heat-resistant, they may
accumulate in the soil with successive treatments.

The treated soil had a ten-fold higher microbial count than the
untreated soil but had only 17.5% of the urease activity. The experi-
mental data indicate that the treatments have eliminated a large portion
of the urease activity but they do not indicate how much activity was
lost (since the treated soil was reinoculated before the activity was
measured) nor do they indicate the location of the urease activity in
the soil samples. Compared to the untreated soil, little activity is
associated with the microorganisms in the treated soil, but since the
types of organisms in the soil samples are different, one cannot conclude
that activity associated with microorganisms in the untreated soil
accounts for a negligible amount of the total activity of that soil.

Further studies on these soils are in progress.

1) D e Tankinemnn I Soil Science. 17 280 (1966).



